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The present thesis aims to evaluate the applications of nanomaterials as electroanalytical 
platforms in trace analysis. Three major areas are explored, which include the integration 
of nanomaterials on solid supports, the preparation of hybrid nanomaterials, and the 
application of nanomaterials as electroanalytical platforms for the sensitive detection of 
various analytes. Specific examples are explored for each of the above areas, and these 
are the self-assembly of nanoparticles (NPs) and the film deposition of nanomaterials on 
solid electrodes, the preparation of composite or functionalized nanomaterials, the 
application of nanomaterials for the sensitive and the simultaneous detection of various 
analytes, identifying the electrochemical reaction products, and the direct electron 
transfer between nanomaterials and redox active proteins, respectively. 
For the integration of nanomaterials on solid supports, the performance of two 
types of electrochemical interfaces, the novel superhydrophilic indium-tin oxide (ITO) 
base electrode and hydrophobic ITO base electrode, was compared. For this, a simple and 
versatile approach based on self-assembly and NP chemistry is demonstrated. It was 
shown that, superhydrophilic surface was more suitable as an ideal platform for the self-
assembly of silane molecules with amino functional tail groups, to which gold (Au) NPs 
can be attached. A novel electrochemical platform using the self-assembly of aromatic 
dithiol molecules and Au NPs by layer by layer assembly is also demonstrated. It was 
found from the results that, an ordered sandwiched assembly of Au NPs was formed. It 
was found from the electrochemical characterization of the sandwiched colloid assembly 
that, the aromatic cross linker units are electrically contacted in the colloid lattice and 





simple and single step method for modifying electrode surfaces, film deposition is also 
used to immobilize nanomaterials, composite or functionalized nanomaterials on solid 
electrodes. Specific examples include the film deposition of single-walled carbon 
nanotubes (SWCNTs), methylene blue (MB)-functionalized SWCNT, SWCNT-Au NP 
composite, and carbon nanochips (CNCs) on glassy carbon electrode (GCE).  
In the preparation of hybrid nanomaterials, MB-functionalized SWCNT was prepared 
and its electrochemical studies were conducted. A composite of SWCNTs and Au NPs 
was also used to modify a GCE to form SWCNT-Au NP composite.  
In the application of nanomaterials as electroanalytical platforms for the sensitive 
detection of various analytes, the experimental method involves a single step, and is 
environmentally friendly and rapid and the enrichment of analytes takes place between 
the nanomaterial and aqueous samples. This feature is important to obtain good 
recoveries and more accurate information about the samples. Various nanomaterials 
including Au NPs, SWCNTs, MB-functionalized SWCNTs, SWCNT-Au NP composite, 
and CNCs have been used as electroanalytical platforms. Enhanced electrochemical 
responses and electrocatalytic activities for the oxidations guanine, NADH, AA and UA 
were demonstrated in the presence of Au NPs self-assembled via silane molecules with 
amino functional tail groups on superhydrophilic ITO surface. Enhanced electrochemical 
responses and electrocatalytic activities for the oxidations NADH and AA were also 
demonstrated in the presence of sandwiched aromatic dithiol molecules and Au NPs. 
Simultaneous electrochemical detection of biogenic amines like epinephrine, and 
tyramine, and the pharmaceutical drug, paracetamol was demonstrated on the film of the 





electrode has excellent selectivity with high reproducibility towards these analytes in 
their simultaneous detection with detection limits in the µg/L range. A novel method for 
the easy identification of electrode reaction products, provided that the species formed 
are stable and adhere to the electrode, is also developed using the SWCNT modified 
GCE. A fast system with apparently high catalytic efficiency leading to the simultaneous 
detection of AA, DA and UA with very low detection limits in the region of nanomolar 
concentrations was demonstrated using MB-functionalized SWCNTs. Significant 
advantages of these functionalized nanomaterials are their excellent stability and the ease 
of preparation. A simple method for the simultaneous detection of various carcinogenic 
polycyclic aromatic amines (PAAs) from various environmental samples is also 
developed using SWCNT-Au NP composite. The modification of the electrode surface 
with CNCs has been demonstrated to be an efficient direct electron transfer between 
electrodes and redox active proteins. The electrocatalytic properties of the hemoglobin 
(Hb)-CNC film was demonstrated using hydrogen peroxide (H2O2), trichloroacetic acid 
(TCA), nitrite etc. 
In conclusion, the results obtained from the present research clearly show that 
nanomaterials can be used as excellent electroanalytical platforms for the trace analysis 
of various matrix samples including environmental samples and biological fluids and the 
organization of nanomaterials onto controlled surface architectures is essential for the 
successful realization of the sensing protocols. The remarkable properties of 
nanomaterials in electroanalytical applications appeared to be far more superior to 
conventional methods. 
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1.1. Nanomaterials: An Overview 
Basic and applied research on new concepts, recognition processes or molecular 
phenomena, coupled with numerous technological innovations, have opened the door to 
wide and interesting application of innovative sensing devices and ultrasensitive assays. 
One of the significant advances in materials development is the capability to make 
materials with well-defined designs and sizes in the nanometer regime. As particle size 
approaches molecular dimensions, all properties of a material change, making 
nanomaterial useful for particular applications. Research on application of nanomaterials 
in analytical chemistry has also experienced impressive growths in terms of number of 
literature reports over the recent years. Nanostructured materials have received broad 
attention due to their distinguished performance in catalysis, optics, and electronics 
among others.1,2  
Nanotechnology is defined as the creation of functional materials, devices and systems 
through control of matter at the 1–100 nm scale. A wide variety of nanoscale materials of 
different sizes, shapes and compositions are now available. One of the reasons for the 
considerable current interest in nanomaterials is because such materials frequently 
display unusual physical (structural, electronic, magnetic and optical) and chemical 
(catalytic) properties. In particular, the ability to tailor the size and structure and hence 
the properties of nanomaterials offers excellent prospects for designing novel sensing 
systems and enhancing their sensitivity.  
1.1.1. Nanoparticles 
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As one type of very important nanomaterial, inorganic nanoparticles (NPs) are 
particularly attractive because of their controllability in preparation and variety in 
functionality. Control over size, shape, and surface chemistry of inorganic NPs usually 
results in novel optical, electronic, magnetic, mechanical and catalytic properties.3–5 
Remarkably, these properties are usually different from those of the corresponding bulk 
materials and also tunable by changing parameters affecting NP structures. As a 
consequence, the development of synthetic methods that allow control of both the size 
and the shape of NPs is a major subject for research. Today, inorganic NPs can be 
fabricated with many different techniques, including the electrochemical deposition,6 
vapor deposition,7 and lithographic techniques.8 Nevertheless, despite all the advantages 
that some of these techniques have, the synthesis of inorganic nanomaterials via soft 
chemical colloidal techniques has been demonstrated to be the most effective, reliable 
and versatile route for their production.2,9,10 To take advantage of these remarkable 
properties of these nanomaterials in various applications, the inorganic NPs need to be 
properly integrated and immobilized. The bottom-up approach is a feasible way to 
fabricate much smaller devices where the devices are self-assembled from small building 
blocks. Self-assembly at the nanoscale has recently attracted increasing research efforts 
because of the unique physical and chemical properties of the nano-sized materials. What 
is more, NP self-assembled materials usually exhibit novel properties and special 
functions different from those of individual NPs. Considerable efforts have been directed 
to assemble low-dimensional building blocks into two-dimensional (2-D) and three-
dimensional (3-D) nanoconstructions.3–5, 11–19  
1.1.1.1. Metal Nanoparticles 
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Research efforts on metal and semiconductor NPs have flourished in recent years.17,20 
Metal NPs are generally defined as isolable particles between 1 and 50 nm in size, which 
are prevented from agglomerating by protecting shells. Owing to their small size, such 
NPs have physical, electronic and chemical properties that are different from those of 
bulk metals. Such properties strongly depend on the number and kind of atoms that make 
up the particle. The high surface area of metal colloids suggests that their immobilization 
on surfaces could lead to the fabrication of thin metal-colloid films. Typically, such 
particles are prepared by chemical reduction of the corresponding transition metal salts in 
the presence of a stabilizer (capping agent such as citrate21a or thiol21b) which binds to 
their surface to impart high stability and rich linking chemistry and provide the desired 
charge and solubility properties.20 
Different kinds of NPs, and sometimes the same kind of NPs can play different roles in 
different electrochemical sensing systems, such as enzyme sensors, immunosensors and 
DNA sensors.22 Generally, metal NPs have excellent conductivity and catalytic 
properties, which make them suitable for acting as “electronic wires” to enhance the 
electron transfer between redox centers in proteins and electrode surfaces, and as 
catalysts to increase the rate of electrochemical reactions.  
Metal NPs are increasingly used in many electrochemical, electroanalytical and 
bioelectronic applications owing to their extraordinary electrocatalytic activity. 23–27 
Willner’s group explored the possible utilization of Gold  (Au) NPs for sensing, and 
optical applications.13 The catalytic activity of these nano-sized particles was linked to a 
band gap of a metallic insulator transition in the low nanometer range, high surface area 
and interface-dominated properties that differ from those of the bulk materials.23–25 These 
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NPs are capable of increasing the activities for many chemical reactions due to the high 
ratio of surface atoms with free valences to the cluster of total atoms. In addition to a high 
surface area-to-volume ratio for NP derivatized materials, the size controllability, 
chemical stability, and surface tenability provide an ideal platform for exploiting such 
nanostructures in sensing, biosensing and catalytic applications. It is believed that 
creating defined and ordered arrangements of nanoparticles using nanotechnology is a 
promising approach to the construction of biosensors with greatly enhanced electron 
transfer properties. The modification of electrode surfaces with redox-active metal NPs 
has led to the development of various electrochemical sensors. For instance, 
electrochemically-deposited Au NPs on a glassy carbon electrode (GCE) was 
successfully used for the electrochemical monitoring of arsenite.27b Mono- or multilayer 
arrays of conductive NPs assembled on electrode surfaces may be considered as 
assemblies of nanoelectrodes of controllable active areas.27c The introduction of NPs with 
catalytic properties into electrochemical sensors and biosensors can decrease 
overpotentials of many analytically important electrochemical reactions, and even realize 
the reversibility of some redox reactions, which are irreversible at common unmodified 
electrodes.28-29 For example, Au NPs self-assembled on a sol-gel derived 3-D silicate 
network was found to efficiently catalyze the oxidation of NADH in the absence of any 
electron transfer mediators with a decrease in overpotential in neutral solution.27d Based 
on the selective catalysis of nanoparticles, selective electrochemical analysis could also 
be achieved. Selective electrochemical analysis of dopamine (DA) and ascorbic acid 
(AA) was achieved on a Au electrode functionalized with a monolayer of Au NPs due to 
a catalytic effect of the these NPs on the AA oxidation. This resulted in the effective 
 
Chapter 1. Inroduction 
 
 5
separation of the oxidative potentials of AA, and DA, thus allowing their selective 
electrochemical analysis.30 
1.1.2. Carbon Nanotubes 
Carbon nanotubes (CNTs) have captured the imagination of researchers worldwide since 
they were first observed by Iijima in 1991.31 CNTs provide the most typical example of 
the promise of nanomaterials-unparalleled performance in a host of properties. They are 
particularly exciting one-dimensional nanomaterials that have generated a considerable 
interest owing to their unique structure-dependent electronic and mechanical properties.32 
Because of the high surface-to-volume ratio and novel electron transport properties of 
these nanostructures, their electronic conductance is strongly influenced by minor surface 
perturbations (such as those associated with the binding of macromolecules). Such one-
dimensional materials thus offer the prospect of rapid (real time) and sensitive detection, 
and massive redundancy in nanosensor arrays. The extreme smallness of these 
nanomaterials would allow packing a huge number of sensing elements onto a small 
footprint of an array device.  
CNTs, consisting of only sp2 hybridized carbon atoms, are cylindrical nanostructures 
with diameter ranging from 1 nm to several nanometers, and a length of micrometers. 
CNTs can be divided into single-walled CNTs (SWCNTs) and multi-walled CNTs 
(MWCNTs). SWCNTs possesses a cylindrical nanostructure (with a high aspect ratio), 
formed by rolling up a single graphite sheet into a tube. SWCNTs can thus be viewed as 
molecular wires with every atom on the surface. MWCNTs comprise of an array of such 
nanotubes that are concentrically nested like rings of a tree trunk. CNTs possess high 
electrical conductivity, high chemical stability, and extremely high mechanical strength 
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and modulus. Due to these special properties, CNTs are very interesting and promising 
nanomaterials. Their smaller dimensions, unique structures, strength and remarkable 
physical properties make them a unique material with a wide range of potential 
applications, in particular, in the field of electrochemical sensing devices, ranging from 
amperometric enzyme electrodes to label-free DNA hybridization biosensors.33 
Electrochemistry implies to the transfer of charge from one electrode to another. Due to 
the curvature of the carbon graphene sheet in nanotubes, the electron clouds change from 
a uniform distribution around the C-C backbone in graphite to an asymmetric distribution 
inside and outside the cylindrical sheets of the nanotube. 34-35 Since electron clouds are 
distorted, a rich π-electron conjugation forms outside the tube, therefore making CNTs 
electrochemically active. Many advances in producing, modifying, characterizing and 
integrating CNTs into electrochemical sensing systems have been achieved. CNTs, new 
materials for electrochemical sensing, can be either used as single probes after formation 
in situ or even individually, when attached onto a proper transducing surface after 
synthesis. To find new electrocataytic surfaces, a suitable electrode substrate, such as 
GCE or Au electrode, is modified with a film or layer of CNTs. Benefits of low detection 
limits, increased sensitivity, decreased overpotentials, and resistance to surface fouling 
are provided by these CNT-based electrodes.35 The applications of CNTs based on their 
unique electrocatalytic properties have yet to be unveiled. 
1.1.3. Carbon Nanofibers 
Carbon nanofibers (CNFs) are cylindrical nanostructures with graphene layers arranged 
as stacked cones, cups, or plates. They have lengths in the order of micrometers, while 
their diameter varies between some tens of nanometers up to 200 nm. Their mechanical 
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strength and electric properties are similar to CNTs while their size and graphite ordering 
can be well controlled.36 In general, the decrease of the CNF diameter has a positive 
effect on its physicochemical characteristics.37 
 The use of CNTs in biosensors is limited by the fact that their closed shell does not allow 
for a high degree of functionalization.38 This is because adsorption or covalent 
immobilization can be achieved only at the functionalized end of the opened nanotubes. 
For this reason, the amount of proteins that can be immobilized is limited, providing 
matrixes with sensitivities and stability properties that are not fully optimized. One more 
limiting factor impeding the large-scale employment of CNTs in biosensor systems is 
their metallic and semiconducting character, which depends on their chirality and 
diameter.39 The conductivity of CNTs is directly correlated with their character and 
increases through CNT oxidation. However, the serious difficulties that exist in the 
precise control of both the electronic and the physical properties of the CNTs hinder their 
application as transducers in electrochemical biosensors. Since CNFs have a much larger 
functionalized surface area compared to that of nanotubes, the surface-active groups-to-
volume ratio of these materials is much larger than that of the glassy-like surface of the 
CNTs. This characteristic, combined with the fact that the number and type of functional 
groups on the outer surface of the CNFs can be well controlled, is expected to allow for 
the selective immobilization and stabilization of functional biomolecules such as 
proteins, enzymes, and DNA. Also, the high conductivity of CNFs seems to be ideal for 
the electrochemical signal transduction. CNF-based biosensors are thus expected to have 
higher sensitivity as well as improved operational and storage stabilities over those 
prepared with either CNTs or graphite powder. 
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Recently, Chaniotakis’s group explored the direct immobilization of glucose oxidase onto 
the surface of CNFs, and established that CNF were the best matrix so far described for 
the development of biosensors, far superior to CNTs or graphite powder.40 Lu et al. have 
used CNF-based composites as an immobilization matrix for the construction of a 
reagentless mediator-free hemoglobin (Hb)-based hydrogen peroxide (H2O2) biosensor. 
The results revealed that Hb retained its essential secondary structure in the CNF-based 
composite film.41 The carbon nanochips (CNCs) are a very interesting new class of 
graphite nanofibers developed by Baker et al., which are suitable for use as a new type of 
highly conductive catalyst support media.42 Graphite nanofibers are heat treated in the 
presence of an inert gas at temperatures from about 2300oC to about 3000oC to convert 
them to CNCs and thereby enhance their performance as support media for catalysts. This 
high temperature heat treatment gives the CNCs their unexpectedly improved catalytic 
properties when compared to similar graphite nanofibers that were not subjected to high 
temperature heat treatment. As a function of the temperature, there is a concomitant 
increase in the average pore size of CNCs.42 These remarkable characteristics of CNCs 
make them suitable for supports for catalysts. 
1.1.4. Hybrid Nanomaterials 
Hybrid materials are specially tailored to give desirable properties or to suppress 
undesirable ones for wide ranging applications including analytical applications. The 
properties of hybrid materials may be a linear combination of individual properties of the 
components or they may exhibit entirely new behaviors not observable in any material 
found in the hybrid when in the unadulterated form. Applications of hybrid materials in 
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analytical chemistry are not new, particularly in the areas of sensing and separation 
science.  
Due to their large chemically active surfaces and stability at high temperatures, CNTs 
have been of interest for chemists and physicists. In recent years, many efforts have led to 
the development of versatile chemical modification methodologies, targeting CNT 
derivatives with even more attractive features.43 To this end a wide range of functional 
groups have been used to modify CNTs and to integrate CNTs into desired structures or 
attach suitable nanostructures on the nanotubes.44 Among them, metal–nanotube 
interactions are especially attractive for the development of low-resistance ohmic 
contacts to these structures.45,46 The preparation of hybrid composite nanomaterials, based 
on integration of CNTs with some other materials possessing well-known 
electrochemical significance, has led to the achievement of modified electrode surfaces 
that exhibit special properties due to the synergistic effect from the individual 
components.  
1.1.4.1. Functionalized Carbon Nanotubes 
Various recent applications of CNTs-modified electrodes are based on the use of a redox 
mediator agent which, in conjunction with CNTs, improves the characteristics of the 
electrochemical reaction. The use of redox mediators in these CNTs-based sensors 
provides benefits in terms of lowering the overpotential of electrode processes, and a 
remarkable synergistic enhancement of the sensor performance has been claimed. 
CNTs exhibit a special sidewall curvature and possess a π-conjugative structure with a 
highly hydrophobic surface, which allow them to interact with some aromatic compounds 
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such as anthracene derivatives, methylene blue (MB), and thionine through π- π 
electronic and hydrophobic interactions.47-50 This type of interactions can be profited to 
prepare integrated biosensors. For example, MWCNTs chemically modified with MB and 
horseradish peroxidase allowed the construction of a stable, sensitive and reproducible 
biosensor for detection of phenolic compounds.49 
1.1.4.2. Carbon Nanotube-Metal Nanoparticle Composite 
CNT–metal NP interactions are especially attractive for the development of low-
resistance ohmic contacts to these structures.45,46 Several ways have been adopted to 
immobilize metal NPs on CNTs and they can be divided into two main approaches: (a) 
the formation (and stabilization) of metal NPs directly on the CNT surface,44b,51 and (b) 
NPs are pre-formed and connected to CNTs through interactions including covalent 
linkages,52 hydrophobic interactions and hydrogen bonds,53 p-stacking,54 and electrostatic 
interactions.55 
Incorporation of NPs to CNTs electrode matrices has been demonstrated to enhance the 
electrocatalytic efficiency of many electrochemical processes giving rise to several 
significant applications.56-62 For instance, metal NPs like Platinum (Pt), Au, or Copper 
(Cu) NPs together with MWCNTs or SWCNTs solubilized in Nafion (Nf) have been 
used to form nanocomposites for electrochemical detection of trinitrotoluene and several 
other nitroaromatics. The most synergistic effect was observed for the nanocomposite 
modified GCE containing Cu NPs and SWCNTs, Adsorptive stripping voltammetry for 
TNT resulted in a detection limit of 1 µg/mL with linearity up to 3 orders of magnitude.62 
The applications of CNT–metal NP composite based on their unique electrocatalytic 
properties are yet to be unveiled. 
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1.2. Modification of Electrode Surfaces with Nanomaterials 
Modified electrodes represent a modern approach to electrode systems. These electrodes 
rely on the placement of a reagent onto the surface, so that the electrode thereafter 
displays the chemical, electrochemical, optical and other properties of the immobilized 
materials or molecules. Thus, one selects immobilized materials or molecules on the basis 
of known and desired properties, to be, for instance, fast outer-sphere electron transfer 
agents, chiral cenres, electron transfer mediator-catalysts for a valuable substrate 
reaction, functionalities which scavenge trace molecules or ions from solutions for 
analysis in preconcentrated form, photosensitizers for a semiconductor electrode 
corrosion inhibitors and so on.  This means that the electrode can be tailor-made to 
exhibit these properties. Such deliberate alteration of electrode surfaces can thus meet the 
needs of many electroanalytical problems, and may form the basis for new analytical 
applications and different sensing devices. Such surface functionalization of electrodes 
with molecular reagents or materials finds many applications, including clinical, 
industrial and environmental monitoring. Many other important analytical applications 
like acceleration of electron transfer reactions, preferential accumulation, or selective 
membrane permeation should also benefit from the rational design of electrode surfaces. 
Such steps can impart higher selectivity, sensitivity, or stability on electrochemical 
devices. These analytical applications and improvements have been extensively 
reviewed64-66 
1.2.1. Self-Assembled Monolayers 
There is considerable interest in the synthesis and properties of well-organized mono- and 
multilayer molecular thin films. Self-assembly is a process by which an oriented 
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monolayer film forms on a surface by the spontaneous adsorption of molecules from 
solution. It is the most promising strategy for constructing stable, well-defined 
monolayers on electrode surfaces. Molecules that adsorb strongly to a surface and have 
shapes that pack well in two dimensions are used to form self-assembled monolayers 
(SAMs). Chemical systems that exhibit self-assembly include thiols, disulfides, and 
sulfides on Au,67-71 silanes on silicon dioxides,72 fatty acids on metal oxide surfaces,73  
phosphonates on phosphonate surfaces,74 and isocyanides on Pt.75 Of all the types of 
SAMs that have been studied, two systems have shown the greatest promise for providing 
an organic surface with a uniform chemical structure: adsorption of thiols on Au76-77 and 
reaction of aminoalkyltrialkoxy silanes with silicon or glass.78-80 Exposure of a Au 
surface to a dilute solution of an n-alkanethiol results in a chemisorbed monolayer that is 
densely packed in two dimensions and excludes ions and water from the underlying 
Au.77-78 The thermodynamically favorable formation of the Au-thiolate bond makes the 
Au-thiol system ideal for monolayer self-assembly schemes, and the stability of that bond 
over a wide range of applied potential makes such a system suitable for electrochemical 
studies. Self-assembly chemistry offers advantages over other approaches to electrode 
surface modification such as polymer films, which are usually much thicker and have 
considerable tertiary structure, and transferred Langmuir-Blodgett films,81-83 which often 
contain many defects and can be intrinsically unstable. SAMs are versatile model systems 
for studying interfacial electron transfer, biological interactions, molecular recognition, 
double-layer structure, adhesion, and other interfacial phenomena.76-77 SAMs can produce 
a variety of structures with different types of surface functional groups and with varied 
topography.84 Such structural flexibility suggests many applications.  
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1.2.2. Film Deposition 
To find new electrocataytic surfaces, a suitable electrode substrate, such as GCE or Au 
electrode, is modified with a film or layer of nanomaterial in particular, carbon 
nanomaterial. Modification is most usually carried out by coating or preparing 
nanomaterial-binder composite electrodes. One of the most common approaches for 
incorporating a carbon nanomaterial, onto the electrode surface is by using suitable 
dispersing agents: dimethylformamide, Nf or a Nf/water mixture.85-86, 63 Simple modified 
electrodes designs can be obtained by incorporation of a small volume of nanomaterial 
dispersion onto a GCE. The nanomaterial-casting solutions were dropped directly onto 
the GCE surface and allowed to dry. The electrode was then ready for use. For instance, 
the nanomaterial-Nf composite electrodes have been used as an immobilization matrix to 
entrap enzymes and proteins due to its good film-forming ability along with good 
biocompatibility. The protein can be readily entrapped within the composites without the 
need of complicated and time-consuming attachment process. In addition, the organic–
inorganic hybrid may provide better biocompatibility and stability along with higher 
bioactivity for the immobilization of metalloenzymes.86 
1.3. Electroanalytical Techniques 
Currently, there are several techniques are available for the studies of the application of 
nanomaterials as chemical sensors. Among those, electroanalytical techniques offer 
tremendous promise for scaling down analytical systems, with features that include high 
sensitivity, inherent miniaturization, low cost, low-power requirements, and high 
compatibility with advanced micromachining and microfabrication technologies. 
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Whereas the progress in electroanalytical methods in 1960s-1970s was mainly based on 
the development of new electrochemical techniques such as different kinds of alternating 
current voltammetry, pulse-voltammetry, and stripping voltammetry, further 
developments in electroanalytical chemistry during the 1980s-1990s originated from 
advances accomplished by the chemical modification and functionalization of electrodes 
for enhanced sensitivity and selectivity of electroanalysis.87-91 Bioelectroanalytical 
chemistry also received tremendous impact from the development of the methods of 
electrode modifications. Reversible electrochemistry of redox proteins (e.g., 
cytochromes) at promoter modified electrodes92-96 and electrical wiring of redox enzymes 
with immobilized electron-relays97-99 became possible. 
Electroanalytical techniques are concerned with the interplay between electricity and 
chemistry, namely, the measurements of electrical quantities, such as current, potential, 
or charge and their relationship to chemical parameters. Such use of electrical 
measurements for analytical purposes has found a vast range of applications, including 
environmental monitoring, industrial quality control, or biomedical analysis. Indeed, 
electrochemical probes are receiving a major share of the attention in the development of 
chemical sensors. In contrast to many chemical measurements, which involve 
homogeneous bulk solutions, electrochemical processes take place at the electrode–
solution interface. The distinction between various electroanalytical techniques reflects 
the type of electrical signal used for the quantitation. The two principal types of 
electroanalytical measurements are potentiometric and potentiostatic. Both types require 
at least two electrodes (conductors) and a contacting sample (electrolyte) solution, which 
constitute the electrochemical cell. The electrode surface is thus a junction between an 
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ionic conductor and an electronic conductor. One of the two electrodes responds to the 
target analyte(s) and is thus termed the indicator (or working) electrode. The second one, 
termed the reference electrode, is of constant potential (i.e., independent of the properties 
of the solution). 
 In a three-electrode cell, a counter electrode is used only to make an electrical 
connection to the electrolyte so that a current can be applied to the working electrode.  
Controlled-potential (potentiostatic) techniques deal with the study of charge transfer 
processes at the electrode–solution interface, and are based on dynamic (non-zero-
current) situations. Here, the electrode potential is being used to derive an electron 
transfer reaction and the resultant current is measured. Such a controllable parameter can 
be viewed as “electron pressure,” which forces the chemical species to gain or lose an 
electron (reduction or oxidation, respectively). Accordingly, the resulting current reflects 
the rate at which electrons move across the electrode–solution interface. Potentiostatic 
techniques can thus measure any chemical species that is electroactive, that is, that can be 
made to reduce or oxidize. Knowledge of the reactivity of functional group in a given 
compound can be used to predict its electroactivity. Non-electroactive compounds may 
also be detected in connection with indirect or derivatization procedures. The advantages 
of controlled-potential techniques include high sensitivity, selectivity toward 
electroactive species, a wide linear range, portable and low-cost instrumentation, 
speciation capability, and a wide range of electrodes that allow assays of unusual 
environments. Extremely low (nanomolar) detection limits can be achieved with very 
small (5–20-μL) sample volumes, thus allowing the determination of analyte amounts 
ranging from 10−13 to 10−15 M on a routine basis. Improved selectivity may be achieved 
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via the coupling of controlled-potential schemes with chromatographic or optical 
procedures. 
1.3.1. Potential Sweep Methods 
Of all the methods available for studying electrode processes, potential sweep methods 
are probably the most widely used. They consist in the application of a continuously time 
varying potential to the working electrode, which rendering possible the occurrence of 
faradaic reactions i.e. oxidation or reduction of electroactive species in solution and a 
capacitive current due to double layer charging. 
1.3.1.1 Linear Sweep Voltammetry and Cyclic Voltammetry  
Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) are the most widely used 
voltammetric techniques for studying redox reactions of both organic and inorganic 
compounds because they are unmatched in their ability to provide information on the 
steps involved in electrochemical processes with only a modest expenditure of time and 
effort in the acquisition and interpretation of data. These electroanalytical methods 
require simple and inexpensive instrumentation and provide not only information on the 
electrochemical quantities typical of a redox process, but also allow investigations of 
chemical reactions coupled with charge transfer steps. This is because the electrode can 
be used as a tool for producing reactive species in a small solution layer surrounding its 
surface and at the same time to monitor chemical reactions involving these species. 
Moreover, since the relevant responses can be obtained within a few milliseconds after 
stimulation of the electrode, they may be used for studying mechanisms involving very 
fast reactions, thus allowing detection of short-lived transient intermediates.  
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In both LSV and CV, a small (<0.1 cm2) stationary working electrode is dipped in an 
unstirred solution containing an excess of supporting electrolyte to repress migration of 
charged reactants and products, so that any transfer of electroactive species to and from 
the electrode surface can occur only through diffusion. In LSV, the potential of the 
working electrode is changed linearly with time, starting from a potential where no 
electrode reaction occurs and moving to potential where reduction (more negative values) 
or oxidation (more positive values) of the investigated analyte takes place. The potential 
is measured between the reference electrode and the working electrode and the current is 
measured between the working electrode and the counter electrode. Oxidation or 
reduction of species is registered as a peak or trough in the current signal at the potential 
at which the species begins to be oxidized or reduced. The current is measured 
throughout the experiment and the resulting current–potential curve (voltammogram) is 
plotted. 
In a CV experiment the working electrode potential is ramped linearly versus time like 
LSV. This ramping is known as the experiment's scan rate (ν). CV takes the experiment a 
step farther than LSV, which ends when it reaches a set potential. When CV reaches a set 
potential, the working electrode's potential ramp is inverted. The forward scan produces a 
current peak for any analytes that can be reduced (or oxidized depending on the initial 
scan direction) through the range of the potential scanned. The current will increase as 
the potential reaches the reduction potential (or oxidation potential) of the analyte, but 
then falls off as the concentration of the analyte is depleted close to the electrode surface. 
If the redox couple is reversible then when the applied potential is reversed, it will reach 
the potential that will reoxidize the product formed in the first reduction reaction, and 
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produce a current of reverse polarity from the forward scan. This oxidation peak will 
usually have a similar shape to the reduction peak. As a result, information about the 
redox potential and electrochemical reaction rates of the compounds is obtained. 
For instance if the electronic transfer at the surface is fast and the current is limited by the 
diffusion of species to the electrode surface, then the peak current will be proportional to 
the square root of the scan rate. This relationship is described by the Cottrell equation.100 
CVs of a redox species exhibit following characteristics when a diffusion controlled 
electrochemical behavior prevails: 
• ip α ν1/2 
• At steady state, Ep,a – Ep,c = Δ Ep = 58/n mV at 25oC 
• │ip,a/ ip,c│= 1 
Where, ip, ip,a, ip,c,, Ep,a, and  Ep,c are the peak current, oxidation peak current, reduction 
peak current, oxidation peak potential and reduction peak potential respectively. 
Deviation of the ratio │ip,a/ ip,c│from unity is indicative of kinetic or other complications 
in the electrode process. 
 However, CVs of a redox species exhibit the following characteristics when a surface 
controlled electrochemical behavior prevails: 
• ip α ν 
• At steady state, Ep,a – Ep,c = Δ Ep = 0 mV at 25oC 
• │ip,a/ ip,c│= 1 
1.3.2. Amperometry 
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Amperometry is an electroanalytical technique that involves the application of a constant 
reducing or oxidizing potential to an indicator (working) electrode and the subsequent 
measurement of the resulting steady-state current. Owing to the time dependence of the 
resulting anodic or cathodic current, the reliable analytical utilization of amperometry 
requires measurement at a fixed time interval. The magnitude of the measured current is 
dependent on the concentration of the reduced or oxidized substance, and hence this 
method has been widely used for the analysis of various substances in samples ranging 
from water to radioactive materials. Also, amperometric sensors, such as the dissolved 
oxygen probe and various amperometric biosensors, are widely used for clinical, 
environmental, and industrial monitoring.101-102 Furthermore, amperometric detectors 
have gained considerable use since the 1970s in high-performance liquid 
chromatographic determination of various substances and in flow injection analysis.102 
1.3.3. Adsorptive Stripping Voltammetry 
Adsorptive stripping voltammetry (ASV) is an excellent technique for the determination 
of chemical species at trace levels, and also for speciation studies. A sensitivity increase 
and lower detection limit can be achieved by the utilization of a pre-concentration step 
that accumulates the electroactive species on the electrode surface before its quantitative 
determination, a determination that can be carried out by control of applied current or 
applied potential or at an open circuit. These pre-concentration or stripping technique has 
been used for cations and some anions and complexing neutral species, the detection limit 
being of the order of 10-10 M. At these levels, the purity of water and of the reagents used 
in the preparation of the supporting electrolyte is extremely important. The procedure 
effectively consists of two or sometimes three steps:  
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• Adsorption of the species on the electrode during a time t (pre-concentration 
step). This step occurs under potential control or at open circuit; 
• Change to an inert electrolyte medium. This step can sometimes be unnecessary; 
• Reduction/oxidation of the species that was accumulated at the electrode. This can 
be achieved by the applied potential, registering a current peak proportional to 
concentration with the adsorption isotherm (commonly that of Langmuir), 
providing the relationship between the surface and bulk concentrations of the 
adsorbate. As a result, calibration curves display nonlinearity at high 
concentrations. The maximum adsorption density is related to the size and surface 
concentration of the adsorbed complex.  
ASV has been shown to be highly suitable for measuring organic compounds 
(including cardiac or anticancer drugs, nucleic acids, vitamins, or pesticides) that 
exhibit surface active properties. Depending on their redox activity, the quantitation 
of the adsorbed organic compounds may proceed, through oxidation or reduction.103 
1.3.4. Controlled Potential Electrolysis 
Controlled potential electrolysis (CPE) is an experimental technique which is widely 
employed in the study and elucidation of electrode reactions. Experimental determination 
of n, the number of faradays per mole of electroactive material, yields the data which 
allows prediction of the primary electrode reaction products. This is of particular 
importance in the treatment of organic substances where n may be larger than three or 
four.82 The principles and methodology of controlled potential electrolysis have been 
thoroughly reviewed by Lingane.104 
1.3.5. Electrochemical Impedence Spectroscopy 
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Electrochemical impedence spectroscopy (EIS) is a powerful tool for studying the 
interface properties of the modified electrode and can provide information on the 
impedance changes of the interface of the electrode surface/electrolyte solution. The 
equivalent electrical network of the electrochemical interface can be represented by the 
electrolyte resistance between the working electrode and the reference electrode, RΩ in 
series with a double-layer capacitance, Cd in parallel with the charge-transfer resistance, 
Rct and the mass transport resistance, Rw. For the diffusive species, the EIS data include a 
semicircular part and a linear part, of which the semicircular part at high frequencies 
corresponds to the electron transfer limited process and the linear part at low frequencies 
corresponds to the diffusion process.100 
1.4. Advantages of Electrochemical Sensing 
The past two decades have seen enormous advances in electroanalytical chemistry, 
including the development of ultra microelectrodes, the design of tailored interfaces, the 
coupling of biological components with electrical transducers, the microfabrication of 
molecular devices, and the introduction of “smart” sensors and sensor arrays. The 
coupling of modern electrochemical detection principles with recent advances in 
microelectronics and microfabrication has led to powerful and compact analytical devices 
for real-time, in process-monitoring. These developments have led to a substantial 
increase in the popularity of electroanalysis, and to its expansion into new phases and 
environments. 
Electrochemical sensors offer several distinct advantages. In particular, such devices 
offer elegant routes for interfacing, at the molecular level, biological recognition events 
and electronic signal transduction processes. In addition, electrochemical devices are 
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uniquely qualified for meeting high sensitivity and selectivity, a wide linear range, 
minimal space and power requirements, and low-cost instrumentation and indicate great 
promise for a wide range of biomedical or environmental applications.102 Electrochemical 
sensors also offer unique opportunities for addressing the challenges of green analytical 
chemistry, namely providing effective process monitoring while minimizing its 
environmental impact. 
1.5. Scope of the Research 
Achieving very high sensitivity is a major goal in analytical techniques, such as the 
monitoring of environmental pollutants and trace analysis. The achievement of such ultra 
high sensitivity requires innovative approaches that couple different amplification 
platforms and amplification processes.  
Nanomaterials can be used as sensitive electroanalytical platforms and the signal-to-noise 
ratio of many sensors can be improved using nanomaterials. The organization of 
nanomaterials into controlled surface architectures is essential for the successful 
realization of the sensing protocols. In other words, to take advantage of the remarkable 
properties of nanomaterials in electroanalytical applications, they need to be properly 
integrated and immobilized.  
The present study was thus initiated to conduct a systematic investigation into the 
applicability of nanomaterials as sensitive electroanalytical platforms. To give a 
comprehensive insight into the feasibility of the application of nanomaterials as sensitive 
electroanalytical platforms, three key areas are to be covered in the following chapters. 
These areas are:  
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1. The integration of nanomaterials on solid supports. To be investigated is the 
immobilization of nanomaterials on electrode surfaces using self-assembly and 
film deposition. 
2. The preparation of hyrid nanomaterials to study the effect of manipulating or 
modifying nanomaterials in achieving simultaneous detection of analytes of 
interest and higher sensitivity. To be investigated is the preparation of 
functionalized CNTs and CNT-metal NP composite. 
3. The application of nanomaterials as elecroanalytical platforms for the sensitive 
detection of various analytes and the simultaneous detection of various analytes in 
a single step. To be investigated is the development of novel methods for the 
analysis of the analytes of interest using electroanalytical techniques, and the 
application of the developed procedures for the detection of the analytes of 
interest in real samples. The application of nanomaterials in identifying the 
electrochemical reaction products, and the direct electron transfer between 
nanomaterials and redox active proteins are also to be investigated. 
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Chapter 2 Experimental 
2.1 Experimental Setup 
All the electroanalytical methods performed in this research used a reference electrode, 
working electrode, and counter electrode which in combination are sometimes referred to 
as a three-electrode setup. The potential is measured between the reference electrode and 
the working electrode and the current is measured between the working electrode and the 
counter electrode. An electrolyte is usually added to the test solution to ensure sufficient 
conductivity. The combination of the solvent, electrolyte and specific working electrode 
material determines the range of the potential. The experimental setup for the 








Figure 2-1. Schematic diagram of a cell for the electroanalytical methods: WE—working 
electrodes; RE—reference electrode; CE—counter electrode. The electrodes are inserted 
through holes in the cell cover. 
  ELECTROLYTE 
 
Chapter 2. Experimental 
 
 32
Electrodes are static and sit in unstirred solutions during CV. This "still" solution method 
results in CV's characteristic diffusion controlled peaks. The working electrodes used 
throughout the present research include indium-tin oxide (ITO) electrode, and GCE and 







coated glass plate was purchased from Precision Optical Systems (Singapore). Its 
specifications are: specific surface area, 40-80 m
2
/g; purity, 99.5%; bulk density, 0.2 
gm/cm
3
; true density, 7.1 gm/cm
3
; and the refractive index, 2.0 at 500 nm. Having a 
controlled surface area with a defined shape is important for interpreting CV results. The 
disk electrodes are encased in a rod of glass tubes with a disk exposed at one end. The 
counter electrode, also known as the auxiliary or second electrode, can be any material 
which conducts easily and won't react with the bulk solution. Reactions occurring at the 
counter electrode surface are unimportant as long as it continues to conduct current well. 
To maintain the observed current the counter electrode will often oxidize or reduce the 
solvent or bulk electrolyte. Pt disk electrode (3 mm in diameter) was used as the counter 
electrode throughout this research. Reference electrode used throughout this research was 
silver/silver chloride (Ag/AgCl) electrode. The electrochemical measurements were 
carried out in a single-compartment, three-electrode glass cell. The electrochemical cell 
volume was 10 mL, and all measurements were performed at ambient temperature 
(25oC). 
2.1.1. Electrode Preparation 
Prior to use, the working (bare) electrodes except ITO electrode were immersed in 
concentrated H2SO4 for 10 minutes. The electrode was then polished with an alumina 
(0.3 µm)/water slurry on a polishing cloth (Kemet, Singapore) to obtain a mirror finish, 
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after which it was ultrasonicated for 5 min in ultrapure water. It was thoroughly rinsed 
with water, and dried with a flow of nitrogen gas. 
2.2 General Instrumentation 
2.2.1. Electrochemical System 
Electrochemical experiments pertinent to “the organization of Au NPs as monolayer 
films on to superhydrophilic ITO surfaces” and “3-D aromatic dithiol-Au NP sandwiched 
assembly” were carried out using the EG&G Princeton Applied Research (Oak Ridge, 
TN, USA), potentiostat/galvanostat model 273A controlled by ECHEM software. 
All the remaining electrochemical experiments were performed using a µ-Autolab 
potentiostat/galvanostat type II instrument (Utrecht, The Netherlands), equipped with a 
728 magnetic stirrer, Metrohm (Herisau, Switzerland).  
2.2.2 Electrochemical Impedance Spectroscopy  
EIS Measurements were performed using an Autolab poentiostat/galvanostat frequency 
response analyzer (Utrecht, The Netherlands). 
2.2.3. Transmission Electron Microscopy  
Transmission electron microscopy (TEM) was performed using a JEOL (Tokyo, Japan) 
instrument, JEM 3010 HRTEM instrument equipped with an Oxford Instruments (High 
Wycombe, UK) Energy Dispersive X-ray (EDX) spectrometer with silicon drift detector 
(INCAx-sight). For TEM measurements of nanomaterials, support films (Lacey Carbon, 
300 Mesh Copper Grids, TED Pella, Inc, CA, USA) were used. Nanomaterial samples 
were dropped on the copper grid and allowed to dry in air.  
2.2.4 Scanning Electron Microscopy 
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The uniformity, thickness, and integrity of the modified electrode surfaces were 
examined by scanning electron microscopy (SEM) imaging using JEOL (Tokyo, Japan) 
instrument, JSM-5200. 
2.2.5 Ultraviolet-Visible Light Spectroscopy 
Ultraviolet-visible light (UV-VIS) absorption spectra were obtained using a Shimadzu 
Model UV-2450 UV-VIS spectrophotometer (Kyoto, Japan). Reflectance spectra were 
obtained using a Shimadzu Model UV-2401 PC UV-VIS spectrophotometer (Kyoto, 
Japan). 
2.2.6 Fourier Transform Infrared Spectroscopy 
Fourier transform infrared spectroscopy (FT-IR) spectra were obtained on a Shimadzu IR 
Prestige-21 FT-IR spectrophotometer (Kyoto, Japan). 
2.2.7 High Performance Liquid Chromatography System  
High performance liquid chromatography (HPLC) system used was Waters binary HPLC 
system (model 1525µ pump) coupled with a Waters 2487 dual wavelength absorbance 
detector (Milford, MA, USA) set at a wavelength of 210 nm and a Ultremex 5 C18 
analytical column (250 x 2.0 mm, 5 µm), (Phenomenex, Torrance, CA, USA) with a 
constant temperature of 25oC. The mobile phase used for HPLC experiment was gradient 
system of acetonitrile (X) and water (Y). The following gradient programme was used at 
a flow rate of 0.2 mL/min; for the time 0–10 min 100% solvent Y, 10–15 min 90% Y, 
15–20 min 80% Y, and 20-35min 60% Y. The column was equilibrated with 100% Y for 
10 min before the next injection was made. 
2.2.8 pH Measurements 
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pH measurements throughout this research were performed on a Hanna Instruments (Ann 
Arbor, MI, USA) 8417 pH meter. Phosphoric acid or sodium hydroxide was used to 
adjust the pH.  
2.3. Chemicals  
All other chemicals were of analytical reagent grade, and ultrapure water (18.2 MΩ) from 
a Millipore Alpha-Q purification system (Millipore Corporation, Bedford, MA, USA) 
was used in all experiments. 
2.4. Preservation of Human Urine Samples and Environmental Samples  
Samples were used directly to prepare the buffer solution without filtering or any 
pretreatment. To prevent degradation of analytes of interest by microorganism activities 
and natural hydrolysis process, a freshly collected sample was acidified to pH 2.0, and 
then protected from light and stored at 4 °C. Sample analysis was accomplished within 48 
hrs after collection. Prior to sample analysis, the sample is diluted accordingly using the 
buffer. The analytes concentrations in the prepared samples were simultaneously 
determined by the standard addition method using electroanalytical techniques at the 
modified electrode. For each prepared sample, spiked experiments were also performed. 
All determinations were carried out in duplicate (at least). 
2.5. Preparation of Gold Nanoparticles 
2.5.1 Citrate-protected 
The Au colloids were prepared according to the literature.1 Briefly, solutions were 
prepared of hydrogen tetrachloroaurate (HAuCl4) (10-2 % by weight, solution I) and of 
trisodium citrate (1% by weight, solution II). 50 mL of solution I was heated to boiling, 
and 0.75 mL of solution II was added. In about 25 s the boiling solution turned faintly 
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blue (nucleation). After approximately 70 s the blue colour suddenly changed into a red 
colour, indicating the formation of monodisperse spherical particles. Reduction of Au 
chloride is practically complete after 5 min of boiling. The colloidal solution was allowed 
to cool and protected from light, and stored at 4 °C. 
2.5.2 Thiolated 
Thiolated-Au NPs were prepared as reported earlier.2 Briefly, an aqueous solution of 
HAuCl4 (30 mL, 30 mM) was mixed with a solution of tetraoctylammonium bromide in 
toluene (80 mL, 50 mM). The two-phase mixture was vigorously stirred until all the 
HAuCl4 was transferred into the organic layer and dodecanethiol (l70 mg) was then added 
to the organic phase. A freshly prepared aqueous solution of sodium borohydride (25 mL, 
0.4 M) was slowly added with vigorous stirring. After further stirring for 3 hrs, the 
organic phase was separated, evaporated to 10 mL in a rotary evaporator and mixed with 
400 mL ethanol to remove excess thiol. The mixture was kept for 4 hrs at ~ 18 0C and the 
dark brown precipitate was filtered off and washed with ethanol. The crude product was 
dissolved in 10 mL of toluene, precipitated again with 400 mL of ethanol, protected from 
light, and stored at 4 °C. 
2.6. Calculation of the Electroactive Area of the Modified Electrode 
Electroactive surface area of the modified electrode was estimated by the Randles-Sevcik 
equation3  
 
                              ip = 2.69×105 AD ½ n 3/2 ν 1/2 C 
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where n is the number of electrons participating in the redox reaction, A is the electrode 
area, D is the diffusion coefficient of the molecule in solution, C is the analyte 
concentration in the bulk solution, and ν is the scan rate of the potential perturbation. The 
Fe(CN)6 4-/3- redox couple used in this study belongs to the most extensively studied 
redox couple in electrochemistry with a heterogeneous one-electron transfer (n = 1). C is 
equal to 10-6 mol/cm3, and the diffusion coefficient (D) is (6.70 ± 0.02)×10-6 cm2/s.4 
2.7. Calculation of the surface concentration of the electroactive species on 
nanomaterial modified electrode 
The average surface concentration of electroactive species (Γ*, mol cm-2) can be 
estimated from the charge integration of the reduction peak of the CV using the formula,  
 
                                                             Q = nFAΓ* 
 
where Q is the charge (C), n is the number of transfer electrons, F is the Faraday 
constant, and A is the geometric area of the electrode (cm-2).3 
Reference 
1. Frens, G. Nat. Phys. Sci., 1973, 241, 20. 
2.   Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. J. Chem. 
Soc. Chem. Commun. 1993, 96, 96. 
3. Bard, A. J.; Faulkner, L. R. Electrochemical Methods Fundamentals and 
Applications 2nd Ed.; John Wiley and Sons: New York, 2000. 
4. Hrapovic, S.; Majid, E.; Liu, Y.; Male, K.; Luong, J.H.T. Anal. Chem. 2006, 
78, 5504. 
 




Organization of Gold Nanoparticles as Monolayer Films on to 
Superhydrophilic Indium-Tin Oxide Surfaces 
 
The self-assembly of nanometer-sized colloids coated on various substrates, including 
Au, Pt and ITO, are attracted much attention due to their simplicity and versatility. As 
mentioned in the introductory chapter, to take advantage of these remarkable properties 
of nanomaterials in various applications, the inorganic NPs need to be properly integrated 
and immobilized. The quality of the self-assembled structures, in terms of uniformity, 
density, stability, etc. is an important issue relevant to their performance characteristics 
and reproducibilities. Organic molecules containing thiol (–SH) or amine (–NH
2
) 
functionalities can spontaneously adsorb on Au surfaces to form organized SAM.
 
Therefore, such chemical interactions can also be used to immobilize Au NPs on solid 
supports using those organic molecules as a linker. In this regard, the present study 
includes the utilization of ITO surfaces, in particular, novel ITO surfaces which have 
been modified to superhydrophilic ITO surfaces for the self-assembly of Au NPs.  
3.1. Review of the Topic 
Organization of miniaturized devices on monolayer modified metal surfaces, such as Au, 
is a subject of recent extensive research efforts. 1-3 Lithographic and photolithographic 
microstructuring of monolayers led to the selective microstructured association of 
biomaterials such as oligonucleotides,4 antibodies,5 and cells6 onto metal surfaces. 
Organization of redox enzymes onto monolayer modified electrodes has established 
means to develop amperometric biosensors7 and reversible amperometric 
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immunosensors. SAMs on Au surfaces have also been applied to organize 
microstructured electronic circuits on nonconducting surfaces.8  
Thin metal films,9 and especially metal island films,l0 attracted considerable interest in 
view of their unique optical properties11 and potential applications. Second harmonic 
generation,12 surface-enhanced Raman scattering of absorbates,13 and the absorption and 
luminescence of dye molecules14 are controlled by the metal film thickness. Thin and 
transparent metal surfaces are also important as a base matrix for the organization of 
SAMs since these allow the spectroscopic (absorption, luminescence) characterization of 
the monolayers. Chemical vapor deposition and sputtering were used to generate 
transparent thin layers of gold on glass surface.15 To fabricate stable Au layers on glass 
surfaces, it is essential to use a primer for improved contact.16 The fabrication of 
transparent thin Au films on glass surfaces (5-10 nm thick) was described using titanium-
primed glass.17 These transparent Au films were used as a base surface to immobilize and 
spectroscopically analyze SAMs. An alternative method to generate thin Au films applied 
a thiol functionalized siloxane for the primary silanization of the glass surface.18 The 
resulting thiol-functionalized monolayer on the glass acted as primer layer for deposition 
of Au.  
Metal colloids, i.e., Au, bridge the atomic and bulk levels of metal properties. Unique 
optical and catalytic properties of metal colloids are controlled by the aggregation degree 
and size of the metal clusters.19 The high surface area of metal colloids suggests that their 
immobilization on surfaces could lead to the fabrication of thin metal-colloid films.20 
Willner’s group had reported on the organization of Au colloid films on ITO surfaces 
using an (aminopropyl) siloxane or a (mercaptopropyl) siloxane as base monolayers for 
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deposition of the metal colloid. The resulting Au colloid films exhibited high stability and 
allow further modification of the Au particles by functionalized SAMs. The extent of 
surface modification of the Au film is controlled by the colloid size, and the transparency 
of the metal films allowed the spectroscopic characterization of the Au particles and 
molecular adsorbates.21 
3.2. Superhydrophilicity of Surfaces: A Review 
Surface wettability is one of the important parameters in many solid samples. Controlling 
and/or modifying the surface wettability of solid substrates is important for fundamental 
understanding of surface structure and behavior as well as in many applications.22–25 For 
practical applications, both superhydrophilic (water contact angle less than 5o)25 and 
superhydrophobic (water contact angle greater than 150o)25 materials are particularly 
desirable. Although there have been many reports concerning the preparation of 
superhydrophobic surfaces, which are usually achieved by use of low surface energy 
coatings (fluorine-containing polymer coatings) combined with specially designed 
surface textures (fractal surfaces),23-25 there are far fewer reports on superhydrophilic 
materials. In recent years, it has been reported that highly hydrophilic TiO2 surfaces can 
be achieved by UV illumination.26–30 Several commercial products (antifogging glass, 
self-cleaning construction materials etc.) have been designed and produced on the basis 
of this phenomenon.30 Due to the diversity of the potential applications of this 
photoinduced surface wettability conversion phenomenon, this discovery has further 
aroused research interest in TiO2, which can potentially play an important role in 
environmental purification and solar energy conversion.30–32 However, for production of 
superhydrophilic surfaces with TiO2 coated materials, illumination with UV light (380 
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nm) is necessary. Superhydrophilic surfaces had been successfully created on conductive 
ITO surfaces by application of high anodic potentials (Scheme 3-1) without the use of 
such an illumination source.33  
 
Scheme 3-1. Schematic view of the ITO surface before and after potential application. 
 
The ordered assembly of metal particles on solid supports, like glass or ITO coated glass 
attracts substantial research effort due to the unique electronic and optical properties of 
nanoscale metal colloid particles that differ from those of their bulk materials.34-35 The 
main objectives of the present study are therefore to immobilize arrays of Au NPs on ITO 
surfaces and more significantly to demonstrate the superiority of superhydrophilic ITO 
surfaces, compared to untreated hydrophobic ITO, for the fabrication of denser and more 
uniformly spaced Au NP arrays. Lastly, a study on the application of the immobilized 
colloids for sensing some small biologically important molecules is then conducted. 
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3.3. Experimental  
3.3.1 Chemicals 
3-Aminopropyltrimethoxysilane (APTMS), Na3 citrate, HAuCl4, guanine, and uric acid 
(UA) were purchased from Sigma Aldrich (St. Louis, MO, USA). And, AA and NADH 
were purchased from Merck (Darmstadt, Germany).  
3.3.2. Procedure 
Superhydrophilic ITO surfaces were prepared as described previously.33 Before potential 
application, the ITO surface showed hydrophobic character and its water contact angle 
was more than 80°. After application of a high positive potential (2.0 V for 60 min in 




solution), water droplets spread out as 




, indicating the formation of a 
superhydrophilic surface. Even after storage in air at room temperature, the 
superhydrophilicity was maintained for one or two days (storage under water maintained 
the superhydrophilicity for about a week). This superhydrophilic behavior was attributed 
to the generation of significantly increased number of hydroxyl groups, coupled with 
accompanying adsorbed water layer(s), on the ITO surface.
33 
 
Citrate-protected Au NPs were prepared as mentioned in the experimental chapter. The 
self-assembly of APTMS on the ITO surface was effected by dipping the hydrophobic 
and superhydrophilic ITO into the APTMS solution (2% v/v in water) separately. The 
solutions were heated overnight at 70 0C. After that, they were thoroughly washed with 
water. With modification by the SAM of APTMS, the hydrophobic and superhydrophilic 
ITO surfaces are designated as hydrophobic ITO/APTMS and superhydrophilic 
ITO/APTMS, respectively. Au NPs were then self-assembled onto the APTMS modified 
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electrodes by dipping the modified surfaces into a Au colloidal solution for 3 hrs. After 
that, they were thoroughly washed with water. The Au NPs attached hydrophobic and 
superhydrophilic ITO/APTMS termed herein as hydrophobic ITO/APTMS/Au and 
superhydrophilic ITO/APTMS/Au, respectively. Scheme 3-2 schematically outlines the 













Scheme 3-2. Schematic view of APTMS self-assembly and attachment of Au NPs.  
 
3.4. Results and Discussion 
3.4.1. General Characterization 
Superhydrophilicity (i.e. water contact angle of < 5
o
) at the ITO surface can be generated 
by aggressive electrochemical oxidation.33 While the normal, untreated hydrophobic ITO 
surface also contains hydroxyl groups employed here to self-assemble APTMS via silane 
bonding, the electrogenerated superhydrophilic ITO surface possesses a denser layer of 
hydroxyl groups which could lead to a superior self-assembled film in terms of density 
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aqueous Au colloids resulted in immediate deposition of the Au colloid onto the glass 
surface. Colloid coating appears as a continuous red-violet film. The Au colloid film is 
stable and is not washed-off from the glass surface upon repeated rinsing with water. 
Average particle size of Au colloid is ~25 nm as shown by TEM, Figure 3-1. Figure 3-2 
shows the absorption spectrum of colloid deposited onto the ITO glass that contains the 










Figure 3-1. (A) TEM images of Au NPs, (B) shows higher resolution (5×) image.  
 
3.4.2. Absorption Spectra 
The absorption spectra obtained (λmax ~ 560 nm) for the Au NPs on the ITO surfaces are 
very similar to that for the colloidal Au particles in solution (inset, Figure 3-2) but with 
lower absorbances as expected for such surface arrays as the concentration of the 
absorbing particles were smaller compared to that in solution. Further, Figure 3-2 
indicates that the absorbance of the Au NPs is higher on the superhydrophilic 
ITO/APTMS/Au (Figure 3-2d) compared to that on the hydrophobic ITO/APTMS/Au 
(Figure 3-2c). 
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Figure 3-2. Absorbance spectra of (a) hydrophobic ITO/APTMS (b) superhydrophilic 
ITO/APTMS (c) hydrophobic ITO/APTMS/Au (d) superhydrophilic ITO/APTMS/Au. 
Inset: Absorbance spectra for colloidal Au NPs.  
 
The single absorption band demonstrated for the Au NPs in Figure 3-2 suggests that these 
particles are largely mono-dispersed and not aggregated as aggregation usually gives rise 




From our observations, the APTMS 
bonded Au NPs were stable for at least a month (the period of our observations) as 
indicated by the repeatabilities of our CV and other experiments.  
3.4.2. Scanning Electron Micrograph 
This is no doubt a consequence of the increase in surface hydroxyl groups resulting in the 
superhydrophilic characteristic, as manifested by earlier evidences and also supported by 
the SEM images. Figure 3-3 shows the SEM of colloids associated with the 
(aminopropy1) siloxane monolayer. The light particles represent Au colloid units. Careful 
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and significantly denser at the superhydrophilic ITO/APTMS/Au (Figure 3-3a) than at 
the hydrophobic ITO/APTMS/Au (Figure 3-3b). The conclusion one can draw from these 
results is that the aminopropyl monolayer on the superhydrophilc ITO surface acts as an 
improved interface for association of the Au colloids, which is also supported by the 
electrochemical experiments. 
 







Figure 3-3. Scanning electron micrographs of (a) superhydrophilic ITO/APTMS/Au and 
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3.4.3. Electrochemical Characterization 
Figure 3-4. CVs at (a) hydrophobic ITO, (b) superhydrophilic ITO, (c) hydrophobic 
ITO/APTMS, (d) superhydrophilic ITO/APTMS, (e) hydrophobic ITO/APTMS/Au and 




+ 1 M KCl 
solution. Scan rate: 50 mV/s.  
 
The electrochemical parameters of the CVs of Fe(CN)
6
3-
 at different electrodes used are 
summarized in Table 3-1. Hydrophobic ITO electrode has a substantial resistance (20 Ω 
per square according to manufacturer’s specifications) and this is manifested by the ΔE
p 
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surface, the redox peaks are even more drawn out with lower peak currents (Figure 3-4b). 
This effect had been observed previously
33 
and was attributed to the increased resistance 
with generation of superhydrophilicity arising from the increase in hydroxyl groups 
together with the adsorbed water layer(s) and/or the coulombic repulsive effect of 
dissociated surface –OH groups. The capacitance of superhydrophilic ITO is also large 
and it may be due to the negative charges of some dissociated hydroxyl groups and/or 
due to the adsorbed water molecules. When both hydrophobic and superhydrophilic ITOs 
were coated with APTMS, CVs of Fe(CN)
6
3- 
are depicted in Figure 3-4c and 3-4d, 
respectively. Both CVs show no significant redox peaks.  With the superhydrophilic 
ITO/APTMS, the inability of the Fe(CN)
6
3- 
to access the ITO surface (or approach 
sufficiently close) for electron transfer was expected due the increased number of 
hydroxyl groups on the ITO surface.  This should results in a denser and more uniform 
APTMS layer acting as a barrier to the approach of the Fe(CN)63-  ions. The attachment of 
Au NPs to the hydrophobic and superhydrophilic ITO/APTMS altered their 
electrochemical characteristics. In Figure 3-4e, it can be seen that at the hydrophobic 




with ΔEp = 213 V, smaller than that of the bare hydrophobic ITO. Moreover peak 
currents are higher than that of the latter. This suggests that the effective electron transfer 
surface area was slightly higher than that of the bare, hydrophobic ITO. The attachment 
of Au NPs to the APTMS amino tail group promotes electron passage through the 
APTMS layer can be explained as described previously. In the case of the super-
hydrophilic ITO/APTMS/Au (Figure 3-4f), electron transfer facility was enhanced than 
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the hydrophobic ITO/APTMS/Au, with ΔEp of 102 mV and the peak currents. These 
results show that for the superhydrophilic ITO/APTMS/Au has a denser array of Au NPs, 
which resulted in a higher electron transfer surface area. 
Table 3-1. The electrochemical parameters of the CVs of Fe(CN)
6
3-




The reduction (ic) and the oxidation (ia) peak currents exhibited a linear relationship with 
square root of scan rate (ν) in the range from 20 to 500 mV/s (Figure 3-5). These results 


































546 -52 602 72 - 90 0.798 
Hydrophobic 
ITO/APTMS/Au 
366 153 213 139 - 133 0.7925 
Superhydrophilic 
ITO/APTMS/Au 
314 212 102 205 - 196 1.027 
 














Figure 3-5. Dependence of peak current on the square root of scan rate for 




+ 1 M KCl solution.  
 
Taking the overall picture, one can see from the CVs that the presence of the 




approaching close enough to the ITO surface for electron transfer. This, together with the 
inability of the APTMS to relay electrons, hindered redox activity. But the attachment of 
Au NPs to the APTMS promote “electronic talk” between the ITO electrodes and the Au 


































Figure 3-6. CVs of (a) hydrophobic ITO/APTMS/Au (b) superhydrophilic 
ITO/APTMS/Au in 0.1M H2SO4. Scan rate: 50 mV/s. 
 
Both hydrophobic ITO/APTMS/Au and superhydrophilic ITO/APTMS/Au exhibit the 
typical characteristic CV curves of the bulk Au in 0.1M H2SO4 (Figure 3-6). 
3.5. Electrocatalysis  
Au NPs immobilized on electrode surfaces have been shown to facilitate electron transfer 
processes and/or exhibit electrocatalytic effects toward some small biomolecules.
37 
To 
illustrate the advantageous features of Au NPs modified superhydrophilic ITO electrodes, 
as a prelude to future applications, electrochemical behaviors of AA, UA, and the DNA 
base guanine and NADH were studied. The CVs of these molecules were obtained at 
various ITO surfaces for comparisons. In particular, the main aim of these experiments 
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Figure 3-7. CVs of (a) superhydrophilic ITO/APTMS/Au (b) hydrophobic 
ITO/APTMS/Au (c) hydrophobic ITO (d) superhydrophilic ITO (e) hydrophobic 
ITO/APTMS (f) superhydrophilic ITO/APTMS in 1mM guanine + 0.1M H2SO4 solution, 









                                                                                                           
 
Figure 3-8. CVs of (a) superhydrophilic ITO/APTMS/Au (b) hydrophobic 
ITO/APTMS/Au (c) hydrophobic ITO (d) superhydrophilic ITO (e) hydrophobic 
ITO/APTMS and (f) superhydrophilic ITO/APTMS in 1mM NADH + 0.1M phosphate 
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Figure 3-9. CVs at (a) superhydrophilic ITO/APTMS/Au, (b) hydrophobic 
ITO/APTMS/Au, (c) hydrophobic ITO and (d) superhydrophilic ITO electrodes in 300 












Figure 3-10. CVs of (a) superhydrophilic ITO/APTMS/Au (b) hydrophobic 
ITO/APTMS/Au (c) hydrophobic ITO (d) superhydrophilic ITO (e) hydrophobic 
ITO/APTMS and (f) superhydrophilic ITO/APTMS in 1 mM AA+ 0.1 M phosphate 
solution. Scan rate: 50 mV/s.  
 
DNA base guanine exhibited redox processes at the hydrophobic and superhydrophilic 
ITO/APTMS/Au (Figure 3-7a and 3-7b) but no such process was observed at the 
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the superhydrophilic ITO/APTMS/Au was higher and shifted slightly less positive 
potential (1246 mV) compared to the hydrophobic ITO/APTMS/Au (1320 mV). It has 
been reported that nano-meter-sized Au particles possess excellent electrocatalytic 
activity,
38-40
 the important attributes of these nano-sized catalysts being their high surface 
area and interface-dominated properties that differ from their bulk counterparts.
38-
41
Oxidations of NADH, UA and AA also took place in a similar fashion (Figure 3-8, 3-9 
and 3-10 respectively). Table 3-2 shows the electrochemical parameters of the oxidation 
of guanine, NADH, UA and AA at various electrodes. 
Table 3-2. CV peak currents and potentials for oxidations of guanine, NADH, UA and 
AA. 
 
Therefore, it should be noted that for all the above cases of electrocatalytic oxidations, 
the potential shifted to less positive values and peak heights are higher for the 
superhydrophilic ITO/APTMS/Au NPs compared to the hydrophobic ITO/APTMS/Au. 
Guanine NADH UA AA  
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This is a consequence of the higher density and uniformity of the Au NPs array for the 
former. The results above illustrate the favorable activity of Au NPs modified electrodes 
toward the oxidations of some small biomolecules and perhaps these may be used for the 
sensing of larger biomolecules such as nucleic acids, proteins, enzymes etc.  
3.6. Conclusions 
We have described a simple and versatile approach based on self-assembly and 
NP chemistry to construct a novel electrochemical interface based on the 
superhydrophilic ITO surface. This surface provides an ideal platform for the self-
assembly of silane molecules with amino functional tail groups, to which Au NPs can be 
attached. The ITO/APTMS/Au act as an interface, which facilitated electron-transfer. The 
superiority of the superhydrophilic ITO base electrode as compared to the untreated, 
hydrophobic ITO base electrode in terms of higher density and uniformity of the Au NPs 
array is demonstrated. Enhanced electrochemical responses and electrocatalytic activities 
for the oxidations guanine, NADH, AA, and UA are confirmed in the presence of Au NPs 
immobilized on the superhydrophilic ITO surface. From the results, the utilizations of the 
modified electrodes to biosensors applications are obvious. On a broader perspective, the 
combination of metal NPs and molecular components could lead to integrated nanoscale 
assemblies or nanodevices with unique functions.  
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Three-Dimensional Aromatic Dithiol-Gold Nanoparticle Sandwiched 
Assembly 
As stated in the introductory chapter, an important aspect to tailor the microelectronic 
nano-devices is to organize the nanometer-sized metal colloids on solid supports. 
Exploring the use of individual molecules as active components in electronic devices has 
been at the forefront of nanoelectronics research in recent years due to the potential 
advantage of ultra high density/speed and low-cost device fabrication through self-
assembly/self-organization processes that such molecular-scale devices may bring. As a 
result of their potential applications, for example, in molecular electronics, corrosion 
protection, and lateral structuring, and their high structural order, SAMs of organic 
materials have been intensively studied in recent years. Most of the recent work is based 
on utilizing thiol-functionalized molecules on group Ib metals, because they are known to 
form well-ordered, densely packed SAMs. 
In this chapter, the self-assembly and the characterization of a sandwiched layer by layer 
SAM of aromatic thiol with Au NPs was developed. The electrochemical and catalytic 
properties of the 3-D immobilized arrays of Au NPs were studied. Finally, the 
applications of those immobilized 3-D colloids for sensing some small biologically 
important molecules were also established. 
4.1 Review of the Topic 
Functionalization of electrodes with ordered arrays of redox-active components has 
yielded assemblies revealing vectorial electron transfer and rectifier functions1 and 
sensoric activities.2 The modification of electrodes with photoisomerizable, redox-active 
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monolayers has enabled the organization of systems for the electronic transduction of 
recorded optical information.3 The assembly of ordered metal NPs on solid supports 
attracts substantial research efforts as a consequence of their unique electronic and optical 
properties.4 The assembly of Au or Ag-colloid monolayers on glass or conductive glass 
supports has been accomplished by the self-organization of the metal particles onto 
aminosiloxane or thiol siloxane layers associated with the solid supports.5 3-D 
superstructure arrays of Au- or Ag-NPs or Au-Ag composite arrays have been reported 
by the use of diamino bipyridinium as molecular cross-linkers for the 3D-nanostructures.6 
The combination of metal NPs and molecular photoactive or electroactive components 
could lead to integrated nanoscale assemblies or nanodevices of unique functions.  
Recently, it was demonstrated that the nanometer-scale organization of metal colloids is 
of high value in the engineering of nanodevices. Au clusters were persuaded to behave as 
a tunnel resonance resistor7 and a Au-cluster was used as a single-electron tunneling 
transistor.8 Also, 3-D Au-colloid superstructures, cross-linked by a bipyridinium 
cyclophane and assembled on conductive supports, were reported to act as tunable 
sensing interfaces for hydroquinone-derived compounds.9 Photosensitizer-electron-
acceptor dyads or triads have been examined as model systems for the photosynthetic 
reaction center.10 Effective intramolecular photoinduced electron transfer proceeds in 
these supramolecular systems, resulting in redox intermediates. The assembly of layered 
3-D superstructures consisting of the bis-bipyridinium-Zn(II)-protoporphyrin IX, as 
photosensitizer-acceptor dyad and nanosize (15±1 nm) Au-particles was     reported.11 
Willner and co-workers developed an organized photosensitizer-electron acceptor/Au NP 
superstructure which exhibited 3-D conductivity and the high surface area of the layered 
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particle allowed the controllable immobilization of the photoactive dyad on the porous 
Au-support.12 
The promise of nanoscale electronics in which individual molecules comprise the 
electrically active components has instigated tremendous interest in molecular self-
assembly.13 To date, a range of device assemblies have been demonstrated; these range 
from single-molecule nanojunctions14-16 and nanopore devices17,18 to soft-contact 
devices19-20 where mercury, instead of a metallic solid, is used to electrically contact the 
organic molecules. While negative differential resistance,21-25 rectification,26-28 and other 
interesting electrical characteristics have been observed in devices that use complex 
organic molecules, such as rotaxanes,29-31 many studies in this field remain focused on 
the nature of the electrical contact established between the metal electrode and the 
organic molecules.32-34 As such, these studies have predominantly focused on simple 
straight-chain alkane systems that do not actually exhibit any interesting electrical 
behavior. The organization of these molecules affects the way in which electrical contact 
is established between the metal electrode and the organic molecules.  
With the advent of research activities in nanoscale molecular electronic devices,35-36 
organic thiol compounds have received a great deal of attention in recent years,37-38 
because of their intrinsic semiconductor15,39 or insulator40 properties. Thiol-capped 
compounds have been widely studied as molecular wires and broad applications of these 
results of their unique capability to form well-ordered monolayers via the self-assembly 
process onto Au or other metal surfaces.37-38, 41-43 This provides a convenient method for 
surface modification as well as deposition of active materials for various thin film device 
applications.  
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To this end, extensive structural characterization on alkylthiol SAMs on coinage metal 
and semiconductor surfaces has been reported. These molecules, provided they are of 
sufficient length (generally more than 12 methylene units),44-46 tend to spontaneously 
assemble on Au,41,47-49Ag,41,48,50and gallium arsenide46,48,51-52 surfaces to form ordered 
monolayers. In contrast, the assembly of alkyl dithiols, symmetric alkane molecules with 
thiol termination on both ends-appears to be more dependent on assembly conditions. For 
example, researchers showed by direct imaging that both 1,6-hexanedithiol53 and 1,8-
octanedithiol54 generally lie flat on the substrate surface when assembled on Au and Ag, 
respectively. Yet, in a series of papers that demonstrate additive contact pattering, Loo 
and co-workers55-58 deduced that 1,8-octanedithiol must be bound to gallium arsenide on 
only one end in order to facilitate nanotransfer printing. Such an orientation was also 
previously reported by Rieley et al.59 through a series of X-ray photoelectron 
spectroscopic experiments.  
As such, these studies have predominantly focused on simple straight-chain 
alkane systems that do not actually exhibit any interesting electrical behavior. Compared 
to aliphatic systems, molecules containing simple aromaticity have backbone rigidity and 
ability to transport charge that are more akin to the electronically complex molecules of 
interest to the molecular electronics community. These molecules have therefore been 
identified as model systems for electrical studies. High molecular order in conjugated 
aryl thiol SAMs indicate the feasibility of using conjugated thiols in electronic devices.60 
Although extensive research work has been done on the characterization of alkane and 
aryl thiol SAMs, reports on the self-assembly and characterization of sandwiched layer 
by layer SAM of aromatic thiol with NPs were not widely studied. The main objectives 
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of this work is to establish the self-assembly and the characterization of a sandwiched 
layer by layer SAM of aromatic thiol with Au NPs. Secondly, the electrochemical and 
catalytic properties of the 3-D immobilized arrays of Au NPs were studied. Finally, the 
applications of those immobilized 3-D colloids for sensing some small biologically 
important molecules were also developed. 
4.2. Experimental  
4.2.1. Chemicals 
4,4’-Biphenyl dithiol (BPDT) was purchased from TCI (Tokyo, Japan).  
4.2.2. Procedure  
Before performing the electrochemical experiments, the Au electrode (0.083 cm2) 
was prepared as mentioned in the experimental chapter. Then Au electrode was scanned 
in 0.1 M H2SO4 solution from 0.0 to 1.4 V at the scan rate of 50 mV s-1, until repeatable 
oxidation and reduction wave of Au electrode was achieved. 
Citrate-protected Au NPs were prepared as stated in the experimental chapter. The self-
assembly of BPDT on the Au surface was effected by dipping the Au into the thiol 
solution (5 mM BPDT in ethanol) for a desired length of time (40 minutes was used 
here). After that, they were thoroughly washed with ethanol and water. With modification 
by the SAM of BPDT, the Au surfaces are designated as Au/BPDT. Au NPs were then 
self-assembled onto the BPDT modified electrodes by dipping the modified surfaces into 
a Au colloidal solution for a desired length of time (typically 1 hour). After that, they 
were thoroughly washed with water. The Au NPs attached Au/BPDT termed herein as 1 
layer.  
4.3. Results and Discussion 
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Taking the overall picture, one can see from the CVs (Figure 4-1.) of the these electrodes 
(Au, Au/BPDT and 1 layer (Figures 4-1a, 4-2b and 4-1c respectively) that the presence of 




from approaching close enough to the bulk 
Au surface for electron transfer. This, together with the inability of the BPDT to relay 
electrons, hindered redox activity. But the attachment of Au NPs (particle size ~25 nm as 
shown by TEM, Figure 2-1) to the BPDT promotes “electronic talk” between the bulk Au 
electrodes and the Au NPs arrays, enabling electron transfer to and from the solution 
interface. Moreover, the regain of electrochemistry is almost complete in the case of 1 
layer. The ∆Ep of the 1 layer (Ep,c = 242 mV,  Ep,a = + 308 mV) is 66 mV is similar to 
that of bare Au electrode. 




show a linear dependence with 
respect to square root of scan rates (ip α ν1/2). This confirms that the redox processes are 

























Figure 4-1. CVs of (a) Au, (b) Au/BPDT, (c) Au/BPDT/Au in 1 mM K3Fe(CN)6 + 1 M 













Figure 4-2. Dependence of peak current on the square root of scan rate for the 
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 Using the same strategy for the self assembly, the formation of up to five layers 
of colloidal Au using BPDT as a linker was established. The schematic representation is 







Scheme 4-1. Self-assembly of BPDT and attachment of Au NPs. 
Figure 4-3 shows the VIS reflectance/absorbance spectra of solution-dispersed Au 
NPs (inset, Figure 4-3) and NPs immobilized on Au/BPDT surfaces (1 layer) (Figure 4-
3a). The spectra obtained (λmax ~ 540 nm) for the Au NPs on the 1 layer are similar to that 
for the colloidal Au particles in solution but with lower absorbance as expected for such 
surface arrays as the concentration of the absorbing particles were smaller compared to 
that in solution. The reflectance value is decreased (i.e. absorbance value increased) by 
increasing the Au NP layer (from 1 layer to 3 layer) as shown in Figure 4-3b and 4-3c. 
The single absorption band demonstrated for the Au NPs in Figure 4-3 suggests that these 
particles are largely mono-dispersed and not aggregated similar to the observations in 
chapter 3. Also, from our observations, the BPDT linked Au NPs were stable for at least 
a week (the period of our observations) as indicated by the repeatabilities of our CV 
experiments.  
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Figure 4-3. Reflectance spectra of (a) 1 layer, (b) 2 layer and (c) 3 layer surfaces. Inset 
Figure: Absorbance spectra of colloidal Au solution. 
 
Characterization of these modified electrodes is done using the CVs in 1mM K3Fe(CN)6 
+ 1 M KCl solution. All the BPDT modified electrodes are almost completely blocking 
the electrochemistry (electrochemistry of only the first layer of BPDT is included in 
Figure 4-4). This effect is due the presence of BPDT moieties on the Au surface and was 
attributed to the increased resistance. This should result in a denser and more uniform 
BPDT layer acting as a barrier to the approach of the Fe(CN)63- ions. Indeed, the sharp 
decrease of redox currents suggests that this barrier was effective. But the attachment of 
Au NPs to the BPDT promotes “electronic talk” between the bulk Au electrodes and the 
Au NPs arrays thus formed, enabling electron transfer to and from the solution interface. 
All these modified electrodes are showing almost complete regain of electrochemistry 
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similar to that of bare Au electrode (Figure 4-4). This suggests that the Au NPs promote 














Figure 4-4. CVs at (a) Au, (b) Au/BDT, (c) 1 layer, (d) 2 layer, (e) 3 layer, (f) 4 layer, (g) 
5 layer electrodes in 1mM K3Fe(CN)6 + 1 M KCl solution. Scan rate: 50 mV/s. 
 
4.4. Electrocatalysis 
As shown in chapter 3, Au NPs immobilized on electrode surfaces have been shown to 
facilitate electron transfer processes and/or exhibit electrocatalytic effects toward some 
small biomolecules.61 In this chapter, we have established the fabrication of sandwiched 
Au NP arrays which are latched to BPDT bonded to Au surfaces. More significantly, we 
have established that even though the presence of the self-assembled BPDT layer blocked 
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attachment of Au NPs to the BPDT tail groups enable redox reactions to occur.  To 
illustrate the advantageous features of this sandwiched Au NPs modified gold electrodes, 
as a prelude to future applications, we studied the electrochemical behaviors of NADH 
and AA. CVs of these molecules were obtained at Au, Au/BPDT and Au/BPDT/Au NP 
surfaces for comparisons.  
Figures 4-5a, 4-5b, 4-5c, 4-5d, and 4-5e show the CVs of NADH at the bulk Au, 
Au/BPDT, 1 layer, 2 layer and 3 layer respectively. For blank and BPDT end chain 
electrodes (Figure 4-5a and 4-5b), irreversible, elongated waves without clearly defined 
peaks were obtained. However, at the 1 layer, 2 layer and 3 layer, higher intensity and 
clear irreversible peak is observed occurring at much less positive potentials as shown in 
Figures 4-5c, 4-5d, and 4-5e respectively indicating the catalytic oxidation of NADH. 
However as the number of layers, increases, the the electrocatalytic oxidation took place 
at more positive potentials. This may due to the presence of more number of bulky BPDT 
molecules on the electrode surface was attributed to the increased resistance and thereby 































Figure 4-5. CVs at (a) Au, (b) Au/BPDT, (c) 1 layer, (d) 2 layer and (e) 3 layer 
electrodes in 0.5 mM NADH + 0.1 M sodium di-hydrogen phosphate solution. Scan rate: 
50 mV/s. 
 
Similar results were obtained for AA (Figure 4-6a to 4-6c). The shift to lower potentials 
for the oxidation peaks of ascorbic at 1 layer is an indication of electrocatalytic activity. 
Indeed, it has been reported that nano-meter-sized Au particles possess excellent 
electrocatalytic activity,62-64 the important attributes of these nano-sized catalysts being 
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Figure 4-6. CVs at (a) Au, (b) Au/BPDT and (c) 1 layer in 1 mM  AA + 0.1 M sodium 
di-hydrogen phosphate solution. Scan rate: 50 mV/s. 
 
Therefore, it should be noted that for all the above cases of electrocatalytic oxidations, 
the shift to less positive potentials are higher for the colloidal Au modified electrode 
compared to the bare electrode. This is a consequence of the higher density and 
uniformity of the Au NPs array for the former. The results above illustrate the favorable 
activity of Au NPs modified electrodes toward the oxidations of some small biomolecules 
and perhaps these may be used for the sensing of larger biomolecules such as nucleic 
acids, proteins, enzymes etc.  
4.5. Conclusions 
In this chapter, we have established a novel and simple approach based on the 3-D-self-
assembly and NP chemistry to construct a novel electrochemical interface. This surface 
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Au NPs can be attached by a sandwiched layer by layer method. Electrostatic attraction 
between the crosslinker and the citrate-protected Au NPs presumably leaded to the 
assembly of the systems. The results demonstrated the formation of ordered sandwiched 
assemblies of Au NPs and reveal a means for the pre-planned structuring of composite 
multilayer assemblies. The electrochemical characterization of the sandwiched colloid 
assembly revealed that the crosslinker units are electrically contacted in the colloid 
lattice. This supports the suggestion that the Au NPs act as conductive layers for electron 
transport through the network. 
Enhanced electrochemical responses and electrocatalytic activities for the 
oxidations NADH and AA are confirmed in the presence of sandwiched colloid 
assembly. From the results, the utilizations of the sandwiched colloid assembly to 
biosensors applications are obvious. On a broader perspective, the sandwiched 
combination of metal NPs and molecular components could lead to integrated nanoscale 
assemblies or nanodevices with unique functions.  
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Simultaneous Detection of Biogenic Amines and Paracetamol Using 
Single-Walled Carbon Nanotubes 
 
The unique properties of CNTs have contributed in a large extent to the design of novel 
nanostructured electrochemical sensors and biosensors with improved analytical 
performance with respect to conventional non-nanostructured electrochemical systems. 
As mentioned in the introductory chapter, the impressive role of these nanomaterials in 
modern electroanalytical chemistry is supported by relevant characteristics from an 
analytical point of view such as the electrocatalytic ability of CNTs-modified electrodes, 
their enhanced active surface area and the anti-fouling capability of the modified 
surfaces, which have led to a rising number of important electroanalytical applications in 
last years and in many field of interest. An important part of the impressive success of the 
use of CNTs for electroanalytical applications is probably due to the ability of this 
nanomaterial to promote electron transfer in electrochemical reactions. 
In this chaper, we have demonstrated the simultaneous determination of paracetamol, 
epinephrine and tyramine on SWCNT modified electrodes. We have also established the 
application of a SWCNT modified GCE for the simultaneous determination of 
paracetamol, epinephrine and tyramine in human urine with CV and ASV techniques. It 
was shown that the simultaneous determination of paracetamol, epinephrine and tyramine 
on SWCNT modified GCE shows a remarkable improvement in analytical response in 
comparison to the bare GCE. 
5.1. Review of the Topic 
 
Chapter 5. Simultaneous Detection of BAs and Paracetamol Using SWCNTs 
 
 81
Paracetamol, also known as acetaminophen is an analgesic and antipyretic drug 
commonly used by both adults and children.1 It can be used on its own or combined with 
decongestant ingredients to help relieve headache, general aches, nasal congestion, fever 
and menstrual pain. It relieves pain by inhibiting the synthesis of prostaglandin in the 
central nervous system and relieves fever by sedating hypothalamic heat-regulating 
center.2 Readily soluble in water, paracetamol can be absorbed via oral route and 
excreted in urine. Paracetamol can either be prescribed by doctors or can be widely 
purchased from any drug stores, thus it is heavily used around the world. Like other 
pharmaceutical products, disposal of paracetamol, either at the production sites, 
household disposal or excretion in urine can potentially pollute the aquatic environment. 
Concentration of paracetamol can be detected up to 6 µgL-1 in sewage treatment plant 
eluents. Accumulation of paracetamol in water can produce not only toxic effect to the 
aquatic organisms but also multi-resistant strains of bacteria.3 Therefore, determination of 
paracetamol in the environment and its quality control is of vital importance.  
A range of methods for the analytical determination of paracetamol have been reported in 
the literature such as liquid chromatography (LC),4-6 spectrophotometry,7-10 
chemiluminescence,11 capillary electrophoresis (CE),12-13 amperometric batch injection 
analysis,14 colorimetry,15 titrimetry,16 FTIR and Raman spectrometry 17 and flow injection 
analysis using different methods of detection.18-19 However, these methods suffer from 
some disadvantages such as high costs, long analysis times and requirement for sample 
pretreatment, and in some cases low sensitivity and selectivity that makes them 
unsuitable for routine analysis. Paracetamol is an electroactive compound which can be 
oxidized electrochemically. Consequently the development and application of 
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electrochemical sensors and methods for the determination of paracetamol has received 
considerable interest in the past few decades. Most electrochemical methods rely on the 
use of modified carbon based electrodes such as cobalt hexacyanoferrate modified 
graphite wax composite electrodes,20 SWCNT-dicetyl phosphate film modified glassy 
carbon electrodes,21 polyaniline-MWCNT composite modified electrodes,22 carbon film 
resistor electrodes,23 C60-modified glassy carbon electrodes,24 L-cysteine modified glassy 
carbon electrodes,25 CNT based nanoelectrode arrays,26 boron-doped diamond thin film 
electrodes,27 pumice mixed carbon paste electrodes28 and metalloporphyrin modified 
GCE.  
Biogenic amines (BAs), low molecular weight organic bases, can be formed and 
degraded as a result of the normal metabolic activity in animals, plants and micro-
organisms. Lactic acid bacteria are responsible for the transformation of amino acids into 
BAs. Increased levels of BAs in foods are of interest from several points of view. Once 
BAs are formed, they are difficult to be destroyed by pasteurization or cooking. For this 
reason, it is important to control the manufacture process to reduce the concentration of 
BAs as much as possible. They can cause direct or indirect toxicity when their 
concentration levels are high.29 For this reason, some countries have established 
regulations regarding either their intake content in various kinds of foods or their 
maximum limit requirements. In general, the most widely used analytical methods to 
identify BAs are HPLC and CE.30-37 Catecholamines, such as DA and epinephrine, are 
important compounds for the signal transfer in the mammalian central nervous system, 
which exist as an organic cation in the nervous tissue and biological body fluid.38 Many 
diseases are related to changes of their concentration. Quantitative determinations of 
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them are significant method for developing nerve physiology, making diagnosis and 
controlling medicine.39 The methods for epinephrine analysis are based on the native 
fluorescence of original amines. The trihidroxiindol method requires prior separation in a 
weak cationic resin for subsequent determination by fluorescence. Present methods focus 
on electrochemical detection.40 The electron transfer rate of epinephrine at bare electrode 
is slow, because it is often adsorbed on the surface of bare electrode for subsequent 
passivation. Recently, an enormous amount of research has been devoted to the 
development of new modified electrode for monitoring epinephrine.41-43a 
Tyramine is a naturally-occurring monoamine compound and trace amine derived from 
the amino acid tyrosine. Tyramine acts as a catecholamine releasing agent. Tyramine 
occurs widely in plants and animals and is metabolized by the enzyme monoamine 
oxidase. In foods, it is often produced by the decarboxylation of tyrosine during 
fermentation or decay. Foods containing considerable amounts of tyramine include meats 
that are potentially spoiled or pickled, aged, smoked, fermented, or marinated (some fish, 
poultry, and beef); most pork (except cured ham); chocolate; alcoholic beverages; and 
fermented foods, such as most cheeses (except ricotta, cottage cheese, cream cheese), 
sour cream, yogurt, shrimp paste, soy sauce, soy bean condiments, teriyaki sauce, tofu, 
tempeh, miso soup, sauerkraut; broad (fava) beans, green bean pods, Italian flat 
(Romano) beans, Chinese (snow) pea pods, avocados, bananas, pineapple, eggplants, 
figs, red plums, raspberries, peanuts, Brazil nuts, coconuts, processed meat, yeast, and an 
array of cacti.43b A large dietary intake of tyramine can cause the 'tyramine pressor 
response', which is defined as an increase in systolic blood pressure of 30 mm Hg or 
more. The displacement of norepinephrine (noradrenaline) from neuronal storage vesicles 
 
Chapter 5. Simultaneous Detection of BAs and Paracetamol Using SWCNTs 
 
 84
by acute tyramine ingestion is thought to cause the vasoconstriction and increased heart 
rate and blood pressure of the pressor response. In severe cases, adrenergic crisis can 
occur.43c 
CNT modified electrodes have been used for detection of a variety of analytical and 
biological targets44-49 but to the best of our knowledge there is no report on using 
SWCNT modified electrodes for the simultaneous determination of paracetamol, 
epinephrine and tyramine. In this study, we report the application of a SWCNT modified 
GCE for the simultaneous determination of paracetamol, epinephrine and tyramine in 
human urine with CV and ASV techniques. We also compare the voltammetric signals of 
the simultaneous determination of paracetamol, epinephrine and tyramine on bare GCE. 
It is shown that the simultaneous determination of paracetamol, epinephrine and tyramine 
on SWCNT modified GCE shows a remarkable improvement in analytical response in 
comparison to the bare GCE. 
5.2. Experimental 
5.2.1. Chemicals 
SWCNTs, (90% purity, diameter <2nm, length 5-15 µm) were purchased from Shenzhen 
Nanotech Port Co, Ltd. (Nanshan, China). Paracetamol, and Nafion-perfluorinated ion-
exchange resin (5 wt %) were obtained from Sigma-Aldrich (Singapore).  
5.2.2. Sample Preparation 
 Stock solutions of the analytes (1000 mg/L) were prepared in ultrapure water and 
protected from light and stored at 4 °C. Analyte solutions were prepared daily by dilution 
of the stock solutions in 0.1 M phosphate buffer (pH 2).  
5.2.3. Procedure 
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Prior to use a GCE was prepared as mentioned in the experimental chapter. SWCNTs (2 
mg) was added to 1 mL of 0.5% Nf solution and the resulting suspension was sonicated 
for 40 min. The dissolved nanocomposite (5 µL) was dropped on the GCE, and the 
droplet on the electrode was carefully manipulated to just cover the entire electrode 
surface, and was dried for 5 min. This resulted in a uniform film. The resultant modified 
electrode is termed GC/SWCNT/Nf in the discussion below. 
5.2.4. Human Urine Sample Preparation  
A freshly collected human urine sample was diluted 10 times with 0.1 M phosphate 
buffer, to obtain a final sample of 10-fold dilution. The paracetamol, epinephrine and 
tyramine concentrations in the prepared samples were simultaneously determined by the 
standard addition method using adsorptive stripping voltammetry at the GC/SWCNT/Nf.  
A preconcentration time of 600 s is employed for all determinations unless otherwise 
stated. For each prepared sample, spiked experiments were also performed. All 
determinations were carried out in duplicate (at least). 
5.2.5. Instrumental 
The working electrodes were bare GCE, GC/SWCNT/Nf (each 3 mm in diameter). CV 
and ASV methods were used for the electrochemical studies. CV and ASV scans were 
conducted at a scan rate of 100 mV/s between 400 mV to 1200 mV. 0.1M phosphate 
buffer was used as the electrolyte and phosphoric acid or NaOH were used to adjust the 
pH.  
5.3. Results and Discussion 
Figure 5-1 shows the TEM image of SWCNTs used in this work. Figure 5-2 shows 
steady-state CVs for the bare GCE (curve a) and GC/SWCNT/Nf (curve b) in 1 mM      
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Fe (CN) 6 4- and 1 M KCl at 50 mV/s. The well-defined oxidation and reduction peaks due 
to the Fe(CN) 63-/4- redox couple were observed respectively at 335.1 and 215.5 mV at the 











Figure 5-1.  (A) TEM images of SWCNTs. (B) Inset show the high (10×) magnification 
TEM images of SWCNTs. 
 
The GC/SWCNT/Nf exhibited a much higher electroactive surface area, as estimated by 
the Randles-Sevcik equation as mentioned in the experimental chapter. For the 
GC/SWCNT/Nf electrode, the peaks were more intense, and the peak potentials shift and 
higher peak current values indicated an increase in the charge transfer rate and 
electroactive surface area at SWCNTs compared to that of the bare GCE. The estimated 
electroactive surface area for the GCE modified with SWCNTs was (4.12 ± 0.10) ×10-2 
cm2 (n = 5) cm2 (five repeated analyses). For a bare GCE, the electroactive surface area 
was smaller, (2.13 ± 0.10) ×10-2 cm2 (n = 5). In addition, ΔEp, indicative of the 
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higher than that for the GCE modified with SWCNTs (102.2 mV) possibly due to the 











Figure 5-2.  Comparison of electroactive surface area by CV in 1 mM Fe (CN)6 4- and 
1M KCl at 50 mV/s vs Ag/AgCl: (a) GC/SWCNT/Nf and (b) bare GCE. 
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Figures 5-3 shows the CVs of epinephrine, paracetamol and tyramine at a bare GCE and  
GC/SWCNT/Nf respectively. As expected, all the three compounds displayed CV 
responses at the bare GCE. However, the corresponding CV signals at GC/SWCNT/Nf 
are significantly higher. Table 5-1 shows the electrochemical parameters of the oxidation 
of all the three compounds at the bare GCE and at the GC/SWCNT/Nf. All the three 
compounds exhibited a negative shift in oxidation potentials at the GC/SWCNT/Nf 
electrode. Also, the sharp increase in the corresponding peak intensities of all the three 
analytes at the GC/SWCNT/Nf electrode support the electrocatalytic properties and the 
increased surface area of SWCNTS. Epinephrine at the bare GCE only showed an 
oxidation peak on the other hand, at the GC/SWCNT/Nf, it showed a well defined redox 
peak (Ep,a = 588 mV, Ep,c = 554; ΔEp = 34 mV).The anodic peak currents of all the three 
analytes increase linearly with scan rate in the range of 20-500 mV/s at the 
GC/SWCNT/Nf electrode. This result shows that epinephrine, paracetamol and tyramine 
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Figure 5-3. CVs of epinephrine, paracetamol, tyramine  (1000 µg/L each) at bare GCE 
(A, C, and E respectively) and at GC/SWCNT/Nf  electrode (B, D, and F respectively) in 
0.1M phosphate buffer, pH 2; scan rate 100 mV/s, preconcentration time, 0 s. Dotted 
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Table 5-1. CV peak currents and potentials for oxidations of epinephrine, paracetamol 
and tyramine 
 
 Epinephrine Paracetamol Tyramine 












GCE 849 2.2 797 4.1 1088 4.7 
GC/SWCNT/Nf   588 32.1 755 32.2 964 34.2 
 
5.3.2. Simultaneous Detection of Epinephrine, Paracetamol and Tyramine 
The detection of epinephrine, paracetamol and tyramine in real samples (e.g., 
environmental matrix samples) gives rise to mutual interferences because of overlapping 
oxidation peaks. Because of this, simultaneous determination requires a separation 
step.51-53 In some cases, chemically modified electrodes have been used for the selective 
determination of one of these analytes at a time.54-59 The ability of the GC/SWCNT/Nf 
electrode towards the effective separation of the oxidative potentials of epinephrine, 
paracetamol and tyramine, thus allowing their selective electrochemical analysis, was 
tested. The GC/SWCNT/Nf electrode showed excellent selectivity towards these three 
analytes, epinephrine, paracetamol and tyramine. Here, because of the combination of 
excellent adsorptive properties of SWCNTs together with their excellent electrocatalytic 
properties, a good opportunity arises that allows the simultaneous determination of these 



























Figure 5-4. CV of  a mixture of epinephrine, paracetamol and tyramine (1000 µg/L each) 
in 0.1M phosphate buffer, pH 2 at (A) bare GCE and (B) GC/SWCNT/Nf; scan rate 100 
mV/s. Dotted lines represent CVs in blank electrolyte.  
 
Figures 5-4A and 5-4B show the CVs of a mixture of epinephrine, paracetamol and 








400 600 800 1000 1200















400 600 800 1000 1200












Chapter 5. Simultaneous Detection of BAs and Paracetamol Using SWCNTs 
 
 92
GC/SWCNT/Nf electrode respectively. At bare the GCE, both epinephrine and 
paracetamol oxidized at close potentials, resulted in the overlap of the corresponding 
peaks (Figure 5-4A). It is obvious from Figure 5-4A that oxidation of a mixture of 
epinephrine, paracetamol and tyramine at bare GCE resulted in the separation of only two 
peaks. Peak 1 (806 mV) is the result of mutual interference of both epinephrine and 
paracetamol and peak 2 (1132 mV) is due to the oxidation of tyramine. From this it is 
clear that at the bare GCE, it is impossible to resolve the peaks of these three analytes. 
However, at the GC/SWCNT/Nf electrode, oxidation of a mixture of epinephrine, 
paracetamol and tyramine resulted in the effective separation of the oxidation peaks of 
these analytes (Figure 5-4B). At the GC/SWCNT/Nf electrode, peak potentials of these 
analytes in the mixture, is same as that of the analytes when they present alone. i.e., 
epinephrine, paracetamol and tyramine oxidized at the GC/SWCNT/Nf electrode at 588, 
755 and 964 mV respectively. 
5.3.3 Simultaneous Detection of Epinephrine, Paracetamol and Tyramine by 
Adsorptive Stripping Voltammetry 
A sensitivity increase and lower detection limit can be achieved by the utilization of a 
pre-concentration step that accumulates the electroactive species on the electrode surface 
before its quantitative determination. As mentioned in the introductory chapter, ASV is 
an excellent technique for the determination of chemical species at trace levels, and also 
for speciation studies. Simultaneous detection of epinephrine, paracetamol and tyramine 
at the GC/SWCNT/Nf electrode consisted of two consecutive steps: (i) preconcentration 
of the analytes from the stirred solution to the electrode poised at 0.0 V vs Ag/AgCl50 and 
(ii) oxidative stripping using LSV/detection at 100 mV/s. 
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Figure 5-5 shows the ASV of the simultaneous detection of epinephrine and (peak 1), 
paracetamol (peak 2), and Tyramine (peak 3), 800 µg/L each at  GC/SWCNT/Nf at 0 V 
vs Ag/AgCl in 0.1 M phosphate buffer, pH 2 by ASV; scan rate, 100 mV/s, using 
preconcentration time of  600 s. At the GC/SWCNT/Nf electrode, oxidation of a mixture 
of epinephrine, paracetamol and tyramine resulted in the effective separation of the 






















Figure 5-5.  Simultaneous detection of epinephrine and (peak 1), paracetamol (peak 2), 
and tyramine (peak 3), 500 µg/L each at  GC/SWCNT/Nf at 0 V vs Ag/AgCl in 0.1 M 
phosphate buffer, pH 2 by ASV; scan rate, 100 mV/s, preconcentration time, 600 s. 
Dotted lines represent ASV in blank electrolyte. 
 
5.3.3.1. Effect of Preconcentration Time 
Figure 5-6A displays the dependence of the LSV peak response of the GC/SWCNT/Nf 
electrode on the preconcentration time for epinephrine, paracetamol and tyramine. The 
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peaks for the analysis of 500 µg/L each of epinephrine, paracetamol and tyramine can be 
clearly understood from the Figure 5-6B. Without preconcentration, almost all 
compounds were virtually undetected at 500 µg/L. The response of the modified 
electrode toward all three compounds increases rapidly with time at first and then slowly, 
indicating appreciable adsorption. Although shorter preconditioning times might provide 
faster analysis, longer times yield greater sensitivity, and a preconditioning time of 600 s 
was considered as a good compromise.  
 
Figure 5-6. (A) Effect of preconcentration time on the peak heights for 500 µg/L each of 
epinephrine (peak 1), paracetamol (peak 2), and tyramine (peak 3) at GC/SWCNT/Nf in 
0.1 M phosphate buffer, pH 2 at 0 V vs Ag/AgCl; scan rate 100 mV/s.  (a) 0 (b) 180 (c) 







400 500 600 700 800 900 1000 1100 1200








     
    e 
 
     
     























Chapter 5. Simultaneous Detection of BAs and Paracetamol Using SWCNTs 
 
 95
5.3.3.2. Analytical Characteristics for the Simultaneous Detection of Epinephrine, 
Paracetamol and Tyramine 
 For improving stable background current and noise, and for good sensitivities and 
separation, 0.1 M phosphate buffer at three different pH were used, 2, 7 and 11. The best 
signal-to-noise ratio, separation of peaks, and the most intense peaks, especially at the 
lower µg/L range were obtained at pH 2 (Figure 5-7a). Oxidation peaks of epinephrine, 
paracetamol and tyramine are 614 mV, 797 mV 1019 mV respectively in 0.1 M 
phosphate buffer, pH 2; 100 mV/s, 600 s preconcentration time at 0.0 V vs Ag/AgCl. The 
results show that, with increasing pH, a negative shift in Ep,a occurs for all the three 
compounds from pH 2 to 11. The peak potential vs pH dependence appears to be 
explainable on the basis of the coupling of the electron and proton transfer steps, as 












Figure 5-7.  pH effect on voltammetric response for the simultaneous detection of 1000 
µg/L each of epinephrine, paracetamol, and tyramine at GC/SWCNT/Nf at 0 V vs 
Ag/AgCl; scan rate, 100 mV/s, preconcentration time, 600 s, in 0.1 M phosphate buffer, 
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Figure 5-8 displays the analytical performance of the GC/SWCNT/Nf electrode in the 
simultaneous electrochemical detection of epinephrine, paracetamol and tyramine by 
ASV. A linear peak response towards concentration of the analytes was obtained during 















Figure 5-8.  Performance of GC/SWCNT/Nf electrode in simultaneous electrochemical 
detection of epinephrine (peak 1), paracetamol (peak 2), and tyramine (peak 3) by ASV 
(electrolyte: 0.1 M phosphate buffer, pH 2; 100 mV/s, 600 s preconcentration time at 0.0 















400 500 600 700 800 900 1000 1100 1200













  1 
     2 
      3 
 
Chapter 5. Simultaneous Detection of BAs and Paracetamol Using SWCNTs 
 
 97
Figure 5-9. Set of calibration plots for the simultaneous electrochemical detection of (1) 
epinephrine, (2) paracetamol, and (3) tyramine at GC/SWCNT/Nf in 0.1 M phosphate 
buffer, pH 2 at 0 V vs Ag/AgCl; scan rate 100 mV/s by ASV; 250-1200 µg/L. 
 
Table 5-2. Analytical Data for the simultaneous electrochemical detection of 
Epinephrine, Paracetamol and Tyramine at GC/MB-SWCNT/Nf 
 
 Epinephrine Paracetamol Tyramine 
Determination limit,  
(µg/L) 
120 80 100 
RSD(%)a 4.31b 3.53c 2.62d 
Linear range 80-1200 µg/L 40-1200 µg/L  60-1200 µg/L 
Regression equation 
ip,a (µA)= 
0.226C(µg/L) + 3.6087  
(R2= 0.9994 ) 
ip,a (µA)= 
0.3656C(µg/L) + 2.1804 
(R2= 0.9998 ) 
 
ip,a (µA) =  
0.339C(µg/L) + 4.9293  
(R2= 0.9995 ) 
                
Detection limit,  (µg/L) e 80 40 60 
a RSD = relative standard deviation; based on 4 consecutive measurements. b Estimated based on 120 µg/L 
solution in  0.1 M phosphate buffer, pH 2. c Estimated based on 100 µg/L solution in  0.1 M phosphate 
buffer, pH 2 .d Estimated based on 120 µg/L solution in  0.1 M phosphate buffer, pH 2.  eS/N = 3, estimated 
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The reproducibility of the GC/SWCNT/Nf electrode was examined for five different 
electrode preparations. The simultaneous electrochemical detection of a solution 
containing 500 µg/L each of epinephrine, paracetamol and tyramine by ASV yielded an 
average peak current of 243 ± 15 µA (using the signal of paracetamol as an example). 
The reproducibility of the analyte signal in the simultaneous detection of a solution 
containing 500 µg/L each of epinephrine, paracetamol and tyramine by ASV was 
determined to be within 5% (n = 5) from one electrode preparation to another. Excellent 
reproducibility was also obtained using the same electrode for 5 repeated analyses a 
solution containing 500 µg/L each of epinephrine, paracetamol and tyramine by ASV, 
with an average peak current of 246 ± 18 µA (using the signal of paracetamol as an 
example). The response signal was stable (±4.8% at 95% confidence interval) for 5 
repeated analyses with 600 s of preconditioning. The GC/SWCNT/Nf electrode was kept 
in the blank solution prior to use for approximately 10 min, followed by 5-10 scans in the 
blank solution, permitted a fast and simple surface renewal.  
Electrode stability is an important consideration in the development of an electrochemical 
sensor. For the present case, the GC/SWCNT/Nf electrode was stored in the blank 
solution at ambient conditions and it was found to be stable for 1 month or more. As an 
indicator of its stability, we tracked the performance of a GC/SWCNT/Nf electrode over 
a period of 1 month with the simultaneous electrochemical detection of a solution 
containing 500 µg/L each of epinephrine, paracetamol and tyramine by ASV, every 2-5 
days. A total of 13 measurements of current were taken, which gave a relative standard 
deviation of 6.75% (using the signal of paracetamol as an example). 
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5.3.4. Simultaneous Detection of Epinephrine, Paracetamol and Tyramine in 
Human Urine Sample 
Applicability of the present method to body fluids (e.g. urine), was studied. The human 
urine sample was diluted without filtering or any pretreatment,50 with 0.1 M phosphate 
buffer, pH 2 to obtain a final sample of 10-fold dilution and to all the samples, the three 
analytes were added to give final concentrations of 200 µg/L of epinephrine and 
paracetamol and tyramine are 120 µg/L each. The characteristic oxidation potentials for 
epinephrine, paracetamol and tyramine in the sample analyzed remained more or less the 
same. The results are summarized in Table 5-3.  
Table 5-3. Simultaneous Determination of Epinephrine, Paracetamol and Tyramine in 
urine sample 
 
 Epinephrne Paracetamol Tyramine 
Detecteda (µg/L)    - 69±4 78±6 
Spiked (µg/L) 200 120 120 
After spikea (µg/L) 220±10 197±20 202±10 
Recovery (%)    - 106 103 
Total concentration in the sampleb (µg/L)    - 690±40 780±60 
 
All samples were analyzed using standard addition method (n = 3).  a Mean value (n= 3). b Total value was 
obtained by multiplying the detected value by the dilution factor, 10.  
 
5.4. Conclusions 
In summary, a film of the SWCNTs was applied on a GCE using Nf as binder. SWCNT 
modified GCE was used for the simultaneous electrochemical detection of epinephrine, 
paracetamol and tyramine. The combination of the adsorptive properties of SWCNTs 
with an enhanced electroactive surface area, permitted very efficient detection of the 
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analytes. The SWCNT modified electrode exhibited excellent selectivity with high 
reproducibility towards these analytes and resulted in their simultaneous and sensitive 
detection with detection limits in the µg/L range. Using paracetamol as an example, the 
reproducibility of the analyte signal in the simultaneous detection of these analytes was 
determined to be within 5% (n = 5) from one electrode preparation to another, and the 
response signal was stable (±4.8% at 95% confidence interval) for 5 repeated analyses 
with 600 s of preconditioning. Applicability of the procedure to urine samples was 
demonstrated. Such modified electrodes hold great promise for convenient and sensitive 
detection of these analytes in real samples.  
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A Novel Approach for the Analysis of Electrochemical Reaction 
Products Using Single-Walled Carbon Nanotubes 
 
Redox reactions play an important role in the bioactivation and biodegradation of drugs 
and other xenobiotics. In the study of redox reactions, the most successful approaches 
have used modern electrochemical methods in an off-line combination with HPLC, 
molecular spectroscopy, and mass spectrometry (MS) and are valuable in studies of redox 
and related chemical reactivity of biologically active compounds such as pharmaceutical 
drugs and can provide insight into biodegradation and/or bioactivation reactions. A 
combination of these techniques is often required because each technique provides only 
limited information; as a consequence, no one approach is suitable for all problems.  
The use of CNTs as analytical tools, and the construction of nanodevices and nanosensors 
based on CNTs are exciting areas of development in modern analytical chemistry. In 
particular, the role of CNTs in electroanalytical chemistry, properties such as a high 
electronic conductivity and a high mechanical resistance have driven an impressive 
research effort in electroanalytical applications in recent years. Furthermore, an increased 
electrode active surface area, which gives rise to enhanced electrochemical responses, 
and a demonstrated anti-fouling capability of electrode surfaces upon modification with 
CNTs, are other important practical advantages that have promoted a large number of 
significant applications in electroanalytical chemistry. Because of the strong sorption 
properties of CNTs, their application on the surface of working electrode has allowed 
several electrochemical methods to be developed.  
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In this chapter, we demonstrate a novel method to identify electrochemical degradation 
products using an off-line coupling of electrochemistry and HPLC. For this, we have 
used SWCNTs owing to their excellent sorption properties. After an electrochemical 
experiment, the SWCNTs modified electrode was used as a preconcentration material for 
electrochemical degradation products. Following this, the electrochemical reaction 
products could be analyzed using HPLC, provided they adhered to the SWCNT surface. 
We highlight the potential usefulness of this method using a commonly used 
pharmaceutical drug paracetamol (N-acetyl-p-aminophenol) as a test compound. The pH 
dependent redox chemistry of paracetamol is also demonstrated. 
6.1. Review of the Topic 
Electrochemists are highly interested in experimental methods that can determine what 
products are formed during an electrochemical process. In CV experiments, peaks 
appearing during positive and negative scans reveal oxidation or reductions occurring, 
respectively. However, identification of the resulting products requires additional 
instrumentation. During the past 40 years, the redox chemistry of many pharmaceutical 
drugs has been investigated by using electrochemical methods, frequently in combination 
with other analytical techniques. MS has been proven to be a useful instrument for 
identifying electrode reaction products. Bruckenstein is considered the early pioneer in 
this area using MS for identifying products of electrode reactions.1-2 Very volatile species 
from an electrode reaction could be detected as they passed through a porous electrode 
and Teflon frit and entered a mass spectrometer. Later designs by Heitbaum allowed for 
quicker analysis times because the electrode/frit assembly was located very close to the 
ion source.3-4 Houk et al.5 provides a more detailed review of the progress in identifying 
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electrode products by MS. Since this review, the groups of Brajter-Toth,6,7 Stassen,8 and 
Van Berkel9,10 have presented other on-line designs for the interfacing of electrospray MS 
with electrochemical techniques. 
Conte et al. have used a solid-phase microextraction syringe electrode assembly to 
identify electrode reaction products.11 After an electrochemical experiment, the electrode 
within this syringe-electrode assembly could be introduced into the injection port of a gas 
chromatograph (GC). Electrochemical reaction products could be analyzed, provided 
they adhered to the electrode surface and were amenable to GC/MS analysis. However, 
analysis of polar and nonvolatile compounds by classical GC methods requires 
derivatization of samples. Additionally, the conditions and the time required for 
derivatization severely limit the use of GC/MS for the identification of electrochemically-
generated intermediates. Only electrochemically generated compounds of sufficient 
stability can be analyzed by GC/MS. 
In this chapter an off-line coupling of electrochemistry and HPLC is established. As the 
electrode reactions proceeded, the resultant products, provided that they adhered to the 
electrode, were identified by HPLC. With the combination of excellent sorption 
properties of CNTs and an enhanced electroactive surface area, we demonstrate the 
potential usefulness of the modified electrode device using paracetamol (N-acetyl-p-
aminophenol) as the test compound. The pH dependent redox chemistry of paracetamol is 
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6.2. Experimental  
6.2.1. Chemicals  
Same sample of paracetamol was used as mentioned in chapter 5. A stock solution of 
paracetamol (1000 mg/L) was prepared in ultrapure water. 
6.2.2. Procedure 
Same procedure was followed as mentioned in chapter 5.  
6.2.3. Instrumental 
CV scans were conducted at a scan rate of 100 mV/s between -500 mV to 800 mV. 
Electrochemical degradation products were analyzed using a Waters binary HPLC system 
as mentioned in the experimental chapter.  
6.3. Results and Discussion 
Figure 6-1 shows the CVs of 40 mg/L paracetamol in 0.1M phosphate buffer, pH 7, scan 
rate 100 mV/s at the GC/SWCNT/Nf and bare GCE. The CV at GC/SWCNT/Nf resulted 
in a well defined redox couple with Ep,a= 431 mV and Ep,c= 311.7 mV. On the other hand, 
paracetamol electrochemistry at the bare GCE is almost irreversible (Ep,a= 596.5 mV). 
Moreover, for GC/SWCNT/Nf, the redox peaks were more intense, and the peaks shift to 
more less positive potentials indicated an increase in the electroactive surface area of 






















Figure 6-1.  CVs of paracetamol, 40 mg/L in 0.1M phosphate buffer, pH 7, scan rate 100 
mV/s: (a) GC/SWCNT/Nf and (b) bare GCE. 
 
6.3.1. Effect of pH on the Redox Potentials of Paracetamol 
The effect of pH on the voltammetric response of paracetamol was studied in the range of 
pHs from 2 to 12. Figure 6-2 shows the CVs recorded at different pH values for 100 
mg/L paracetamol solution. As the pH increases, peak potentials shift to more negative 
potentials. As can be seen in the inset of Figure 6-2, the mid peak potential varies linearly 
with pH and is shifted to more negative potentials by 60.7 mV per unit increase in pH 
(E0’ = −60.7pH + 847.57, R2 = 0.9995), in excellent agreement with the potential shift 
predicted by the Nernst equation of −58 mV per unit increase in pH at 293 K. This 
suggests that the numbers of electrons and protons transferred in the redox reaction of 
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Figure 6-2. CVs of paracetamol, 100 mg/L in 0.1M phosphate buffer, at GC/SWCNT/Nf, 
scan rate 100 mV/s. Inset shows the plot of mid-potential of paracetamol peaks versus pH 
values. 
 
Therefore, the electrochemistry of paracetamol at GC/SWCNT/Nf can be explained by 
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Scheme 6-1. Redox chemistry of paracetamol. 
 
From Figure 6-2, it is obvious that in addition to the above redox couple, N-acetyl-p-
quinoneimine (II)/N-acetyl-p-aminophenol (I) (NAPQI/NAPAP), the CVs of paracetamol 
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alkaline pH values. For example, paracetamol gave two redox couples at pH 12; the first 
redox couple at (Ep,a= 115 mV and Ep,c= 76.8 mV) corresponds to the NAPQI/NAPAP 
and a second couple at (Ep,a= -179.6 mV and Ep,c= -239.4 mV). Moreover, the 
voltammetric response of NAPQI/NAPAP couple at pH 12 is considerably smaller than 
at lower pH values. This means that in alkaline pH, some of the paracetamol molecules 
are converted to another redox species, which is responsible for the second redox couple 
at pH 12. The second observation from Figure 6-2 is that the plot of mid-peak potential of 
the NAPQI/NAPAP couple versus pH remains linear up to pH 12.0. This, suggests that 
the pKa of the solution (the solution phase pKa of paracetamol12 is 9.5) has changed from 
9.5 to a considerably larger value. This again confirms that at pH 12, a weakly acidic or a 
neutral form exists as the minor species in solution, in equilibrium with most of the 
paracetamol in the deprotonated form bearing a net negative charge, in agreement with 
the reported literature.12 The third observation from the Figure 6-2 is that the reduction 
peak of the NAPQI/NAPAP couple is less evident at lower pH value i.e., pH 2. Under 
more acidic conditions, NAPQI is immediately protonated, and followed by the 
formation of an electrochemically less active species; therefore, the reaction in scheme 6-


































Figure 6-3. CVs of paracetamol (----) and p-aminophenol (         ), 100 mg/L each in  
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Hydrolysis of the acetamide functional group is frequently reported upon oxidation of 
paracetamol to produce p-aminophenol as the main oxidation product which is itself 
electroactive.12 To investigate whether the observed voltammetric response of 
paracetamol corresponds to that of p-aminophenol, CV was also performed in a solution 
containing 100 mg/L of p-aminophenol in 0.1M phosphate buffer. 
At acidic pH, i.e., pH 2, in addition to the p-quinoneimine/ p-aminophenol couple, there 
is another couple present in the CV of p-aminophenol (Figure 6-3A). The presence of two 
redox couples in the CV of p-aminopehol at pH 2 can be explained using the same 
reasoning used for paracetamol by Kissinger et al. (scheme 6-2). Under more acidic 
conditions, p-quinoneimine is immediately protonated (V), which further undergoes 
reduction to form the unprotonated form (protonated p-quinoneimine/p-quinoneimine). 
However, at neutral pH, p-aminophenol (III) gives only one redox couple, p-
quinoneimine (IV)/p-aminophenol with oxidation and reduction potentials almost similar 
to the NAPQI/NAPAP couple of paracetamol (Figure 6-3B). At alkaline pH 12, p-
quinoneimine/p-aminophenol couple is not reversible (Figure 6-3C). A reasonable 
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Scheme 6-2. Redox chemistry of 4-aminophenol at acidic pH. 
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Scheme 6-3. Redox chemistry of 4-aminophenol at alkaline pH.  
Under alkaline conditions, p-quinoneimine is converted to p-hydroxy phenyl hydroxyl 
amine (VI), which is in turn hydrated to give electroactive p-benzoquinone (VII). 
Therefore, the p-quinoneimine/p-aminophenol couple is approximately irreversible and 
the second couple at alkaline pH might be the hydroquinone/p-benzoquinone (VIII) 
(HQ/BQ) couple. However, a more negative shift in the potentials of the HQ/BQ couple 
and the large separation between the anodic and cathodic peak potentials of the HQ/BQ 
couple at alkaline pH CV of p-aminophenol is a manifestation of sluggish electron 
transfer kinetics.  
Therefore, we come to the conclusion that the second redox couple in the CV of 
paracetamol at pH 12 might be the HQ/BQ couple. To investigate whether the observed 
voltammetric response of paracetamol corresponds to that of the HQ/BQ couple, CV was 
also performed in a solution containing 100 mg/L HQ in 0.1M phosphate buffer, pH 12. 
At alkaline pH, HQ undergoes chemical oxidation to give BQ, which further undergoes 
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redox reaction to form the HQ/BQ couple. Comparing the CVs of paracetamol and HQ in 
0.1M phosphate buffer, pH 12 (Figure 6-4), it is obvious that the second redox couple of 











Figure 6-4. CVs of (a) paracetamol and (b) HQ, 100 mg/L each in 0.1M phosphate 
buffer, at GC/SWCNT/Nf scan rate 100 mV/s at pH 12.          
 
At alkaline pH 12, HQ can be formed by the attack of OH- on the C (1) position of 
aromatic ring of some paracetamol molecules, causing breakage of the C(1)–N bond with 
the release of acetamide (Scheme 6-4). This might be the reason that at pH 12 the 
intensity of the peak currents of the NAPQI/NAPAP couple of paracetamol is 
comparatively lower compared to those at lower pH values (Figure 6-2). The presence of 
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Scheme 6-4. Proposed chemistry of paracetamol at alkaline pH. 
6.3.2. Electrochemical Degradation of Paracetamol and Determination of 
Degradation Products 
The electrochemical degradation of paracetamol and the determination of degradation 
products consist of four steps (1) Electrolysis: CPE of paracetamol (5 mg/L in 0.1M 
phosphate buffer, pH 12) was performed at 400 mV for 600s at the GC/SWCNT/Nf. (2) 
Enrichment: - after CPE, the products formed are enriched on the surface of the 
GC/SWCNT/Nf by stirring the electrolyte for 600s. (3) Desorption: - desorption of 
analytes from GC/SWCNT/Nf was performed using 2 mL of ultrapure water for 600s. (4) 
Analysis: 10 µL of the extract was used for HPLC analysis. 
Chromatograms of a blank experiment (0.1M phosphate buffer, pH 12) and an 
experiment with 5 mg/L paracetamol in buffer after linear scans are depicted in Figure 6-
5. Figure 6-5b represents the chromatogram showing the electrochemical degradation 
products of 5 mg/L paracetamol in 0.1M phosphate buffer, pH 12. The retention times of 
HQ, BQ, and paracetamol respectively are 14, 27.2 and 30.2 min. The obtained 
chromatogram was compared to that of the standard solution mixture containing all the 
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Figure 6-5. Liquid chromatogram showing (a) blank experiment (0.1M phosphate buffer, 
pH 12) and (b) electrochemical degradation products of 5  mg/L paracetamol in 0.1M 
phosphate buffer, pH 12. (1) HQ, (2) BQ, and (3) paracetamol. CPE was performed at 
GC/SWCNT/Nf at 400 mV for 600 s in phosphate buffer (0.1 M, pH 12). Concentration 
of paracetamol used was 5 mg/L. 
 
The predominant peak for the paracetamol was observed in the chromatogram before 
electrochemical oxidation. Additional small peaks are seen in Figure 6-5b, which might 
be due to unknown oxidation products from the solution.  
6.4. Conclusions 
In summary, a novel method for an off-line coupling of electrochemistry with HPLC was 
demonstrated. For this, we have used SWCNTs as the electrode modifying material 
owing to their excellent sorption properties. The presented method holds promise as a 
tool for the easy identification of electrode reaction products provided that the species 
formed are stable, and adhere to the electrode. While this procedure will not be able to 
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of providing useful information such as the product identification of environmental 
electrochemical remediation reactions and electrode fouling and adsorption studies. 
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Electrochemical Studies of Methylene Blue-Functionalized Single-
Walled Carbon Nanotube: An Electrocatalytic System for the 
Simultaneous Detection of Ascorbic Acid, Dopamine and Uric Acid 
 
Since the discovery of CNTs, the fabrication of CNT-encapsulated composite 
nanostructures has received much attention. Because of the high electron-transfer 
efficiency of MB and the favorable characteristics of the SWCNTs, a combination of the 
above two materials is expected to provide a highly stable and sensitive sensing platform 
for target analytes.  
In this chapter, we have demonstrated the electrochemical behavior of the MB-
functionalized SWCNT film on a GCE. The dependence of the film on pH was 
investigated. Moreover, the stability of the film over a time period was also investigated. 
MB functionalized SWCNT film was also examined as an electrocatalytic system for the 
simultaneous detection of AA, DA, and UA. Applicability of the system for detection of 
these analytes in urine samples was also established.  
7.1. Review of the Topic 
Electrodes modified with electroactive dyes often offer improved selectivity compared to 
unmodified electrodes. With the aid of these electron-transfer mediators on the modified 
electrodes, the target analytes can undergo redox reactions at much lower potential with 
improved sensitivity. During the past decade, considerable interest has been given to the 
entrapment of electroactive dyes as they offer advantages such as reusability and 
therefore, cost-effectiveness and isolation from solution impurities.1 MB is an organic dye 
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that belongs to the phenothiazine family, possesses good electrochemical properties and 
has been widely used for basic electrochemical studies and applications, for example, 
electrocatalysis, solar cells, and biosensors.2 MB has been immobilized in different 
environments and utilized for the catalysis of various species. For example, it has been 
immobilized in Nf polymer film on GCE3 as well as on carbon fiber, where it was 
employed for the catalytic oxidation of Hb.4 MB was immobilized in zeolites5-6 and 
served, together with horseradish peroxidase, as an amperometric biosensor for hydrogen 
peroxide.202 It was also used as a mediator immobilized in β-cyclodextrin in an enzyme 
electrode for the determination of mercury species.7 
Adsorption of organic molecules on CNTs by means of van der Waals and π-π stacking 
interactions has been investigated to modify their chemical and physical properties and to 
improve their processability.8-16 CNTs exhibit a special sidewall curvature and possess a 
π-conjugative structure with a highly hydrophobic surface, which allow them to interact 
with some aromatic compounds such as anthracene derivatives, MB, and thionine 
through π–π electronic and hydrophobic interactions. This type of interactions can be 
profited to prepare integrated biosensors. For example, an amperometric biosensor based 
on co-immobilization of alcohol dehydrogenase and Meldola’s Blue on MWCNTs, 
exhibited an amperometric response related with the electrocatalytic properties of 
mediator to oxidize NADH, which was generated in the enzymatic reaction of ethanol 
with NAD+ under catalysis of alcohol dehydrogenase. The response for alcohol showed 
excellent sensitivity, operational stability and wide linear response range.17 A 
nanocomposite of poly(Nile blue A) with SWCNTs also demonstrated the ability to 
electrocatalyse the oxidation of NADH at a very low potential (−80 mV versus SCE) with 
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a substantial decrease in the over potential by more than 700 mV compared with the bare 
GCE. This allowed the preparation of an alcohol dehydrogenase biosensor for ethanol 
with a good stability, reproducibility and high biological affinity.18 MWCNTs chemically 
modified with MB and horseradish peroxidase allowed the construction of a stable, 
sensitive and reproducible biosensor for detection of phenolic compounds.19 
Nanocomposites with good dispersion in water were prepared through noncovalent 
adsorption of toluidine blue on MWCNTs for electrical communication between 
horseradish peroxidase and electrode. With the aid of chitosan, horseradish peroxidase 
was immobilized on the nanostructure to form a reagentless amperometric sensor for 
H2O2. The presence of both toluidine blue as electron transfer mediator and MWCNTs as 
conductor enhanced greatly the enzymatic response to the reduction of hydrogen 
peroxide.20 
Fukushima and co-workers found that room-temperature ionic liquids of imidazolium 
ions, upon being ground with SWCNT, form physical gels.21 Due to a special sidewall 
curvature and a π-conjugative structure with a highly hydrophobic surface CNTs interact 
with some organic compounds, polynuclear aromatic compounds, in particular, through 
π-π electronic and hydrophobic interactions and thus form new nanostructures as 
demonstrated previously.22 Mao and co-workers demonstrated an electrochemically 
functional nanostructure and its layered nanocomposite through the adsorption of MB 
onto SWCNTs.23  
Our main objectives here were to investigate the electrochemical characteristics of the 
MB-functionalized SWCNT on GCE. The effects of pH, MB loading, and scan rate were 
examined. Analytical aspects for the simultaneous determination of AA, DA and UA 
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were also studied. The modified electrode was applied to the simultaneous determination 
of AA, DA and UA in human urine samples. 
7.2. Experimental 
7.2.1. Chemicals 
MB was purchased from Merck (Darmstadt, Germany). And, DA was purchased from 
Sigma (St. Louis). All chemicals were used as received. 
 7.2.2. Sample Preparation 
 Stock solutions of the analytes (1000 mg/L) were prepared in ultrapure water and 
protected from light and stored at 4 °C. Analyte solutions were prepared daily by dilution 
of the stock solutions in 0.1 M phosphate buffer.  
7.2.3. Preparation of MB /SWCNT Nanocomposite and Modification of GCE 
Prior to use a GCE was prepared as mentioned in the experimental chapter. The MB 
functionalized SWCNT was prepared by sonicating a mixture consisting of 2 mg of the 
SWCNTs and 2 mg of MB in 10mL of ultrapure water for 2 hrs at room temperature. The 
resultant suspension was thoroughly rinsed with ultrapure water to remove nonadsorbed 
MB and then dispersed in 1 mL of ultrapure water. One drop (5 µL) of the dissolved 
nanocomposite was placed on the GCE. The droplet was carefully manipulated to just 
cover the entire electrode surface, and was dried for 10 min in an oven at 80 °C and the 
resultant electrode termed herein as GC/MB-SWCNT. Before using, 2 µL volume of the 
0.5% Nf solution was spread onto the GC/MB-SWCNT surface as a binder to hold the 
film on the electrode surface stably and the modified electrode termed herein as GC/MB-
SWCNT/Nf. Alternatively, modified electrode GC/SWCNT/Nf was also fabricated with 
a similar procedure. 
 




CV and LSV methods were used for the electrochemical studies. The working electrodes 
were bare GCE, GC/SWCNT/Nf and GC/MB/SWCNT electrodes (each 3 mm in 
diameter). CV scans were conducted at a scan rate of 20 mV/s between -400 mV to 1000 
mV. A 0.1 M phosphate buffer was used as the electrolyte and phosphoric acid or sodium 
hydroxide was used to adjust the pH.  
7.2.5. Human Urine Sample Preparation 
 A freshly collected human urine sample was diluted with 0.1 M phosphate buffer, to 
obtain a final sample of 1000-fold dilution. The AA, DA and UA concentrations in the 
prepared samples were simultaneously determined by the standard addition method using 
LSV at the GC/MB-SWCNT/Nf electrode. For each prepared sample, spiked experiments 
were also performed. All determinations were carried out in duplicate. 
7.3. Results & Discussion 
7.3.1. General Characterization 
 The uniformity and integrity of the modified GCE surfaces were examined by SEM. 
Figure 7-1A and 7-1B show the SEM of GC/SWCNT/Nf and GC/MB-SWCNT/Nf 
electrodes respectively. Figure 7-1B is in agreement with the literature shows that 
SWCNTs are entangled and are thus relatively difficult to be separated and dispersed in 
water or organic solvents because of the strong interaction between nanotubes. However, 
adsorption of MB onto the SWCNTs essentially solubilizes the formed nanostructure into 
water for at least 2 weeks due to the hydrophilicity of the MB molecules and the 
repellence between positively charged MB molecules adsorbed onto separated nanotubes. 
In addition to the capability of solubilizing the SWCNTs in water, the adsorption of MB 
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onto the SWCNTs essentially creates a distribution of electronic charges at the tube 








Figure 7-1. SEM images of (A) GC/MB-SWCNT/Nf and (B) GC/SWCNT/Nf.  
 
7.3.2. Electrochemical Characterization 
Figure 7-2a and 7-2b shows the CVs (20 mV/s) at GC/SWCNT/Nf and the GC/MB-
SWCNT/Nf, respectively, between -400 mV and 300 mV in 0.1 M phosphate buffer, pH 
1.5. GC/SWCNT/Nf and the GC/MB-SWCNT/Nf show higher reduced residual current 
possibly due to the inherent semiconducting properties of SWCNTs and the double layer 
capacitance in the presence of Nf. At pH 1.50, a pair of nearly symmetrical and mirror 
like redox peaks was dominant (Ep, a = 110.9 mV, Ep, c = 102.7 mV, Ip, a = 25.68 µA, Ip, c 
= 21.36 µA), with a very small peak separation (ΔEp = 8.2 mV) and a near unity of the 
ratio of Ip, a/Ip, c, characteristic of the fast electron transfer of MB adsorbed stably onto the 
SWCNTs. The formal potential (E°’) of MB adsorbed onto SWCNTs, which was 
calculated from the midpoint of the reduction and oxidation peak potentials, was -106.8 














Figure 7-2. CVs at 20 mV/s in 0.1 M phosphate buffer, pH 1.5 for (a) GC/SWCNT/Nf 
and (b) GC/MB-SWCNT/Nf electrodes. 
For GC/MB-SWCNT/Nf, the peak current reached the steady state after several CV 
cycles in buffer. Thus, all of the voltammetric experiments with GC/MB-SWCNT/Nf 
were conducted at their steady states. Figure 7-3A shows the CVs of GC/MB-
SWCNT/Nf in pH 1.5 phosphate buffer (0.1 M) solution with different scan rates. A pair 
of anodic and cathodic peaks appeared with almost same peak potentials in the scan rate 
range from 20 to 220 mV/s. The reduction (Ip, c) and the oxidation (Ip, a) peak currents 
exhibited a linear relationship with the scan rate and the charge consumed in coulombs, 
Q, obtained from integrating the anodic or cathodic peak area in the CVs under the 
background correction was nearly constant at different scan rates (Figure 7-3B) indicate 
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Figure 7-3. (A) CVs of the GC/MB-SWCNT/Nf electrode in pH 7.0 B-R buffer (0.1 M) 
at scan rates of (a) 20, (b) 40, (c) 60, (d) 80, (e) 100, (f) 120, (g) 150, (h) 200, and (i) 220 
mV/s. (B) Plot of peak current vs scan rate. 
 
The average surface concentration of electroactive MB (Γ*, mol cm-2) can be estimated 
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experimental chapter. According to this method, the surface concentration of 
electroactive MB in the film (Γ*) was calculated as 6.2×10-9 mol cm-2 by integration of 









Figure 7-4. CVs of (a) first (b) 25th (c) 50th and (d) 100th cycles respectively at GC/MB-
SWCNT/Nf electrode and (e) at GC/SWCNT/Nf electrode in 0.1 M phosphate buffer, pH 
1.5; scan rate 20 mV/s.  
 
The strong interactions of MB with the SWCNTs essentially endowed a high stability to 
the resulting GC/MB-SWCNT/Nf electrode; for example, the CV response essentially 
remains identical upon continuously cycling the potential for 100 cycles (Figure 7-4a-7-
4d). Such a high stability is believed to be very useful for practical applications, e.g., 
electrocatalysis, biosensors, and photovoltaic cells. 
7.3.3. Effect of pH on the Electrochemistry of Methylene Blue 
Similar to the previous reports on the pH studies of MB entrapped in sol-gel ceramic 
film,2b MB functionalized SWCNTs at the GC/MB-SWCNT/Nf electrode exhibited two 
distinct pair of redox peaks, whose potentials were pH dependent. At pH 1.5 and 2.5, a 
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i.e., from 3.5 to 9.5, a distinct second pair of redox peak at more positive potentials 
appeared in addition to the first pair of redox peak. In contrast to the literature, the first 
pair of redox peak was dominant throughout the ranges of pHs tested. This can be further 
explained from the CVs (Figure 7-5A). From these results one may conclude that the first 
pair of redox peak may arise from MB molecules, which are strongly interacted to the 
SWCNTs and therefore, the second pair of redox peak might be due to the MB molecules 
which are weakly interacted to the SWCNTs. Therefore, this can be explained by 
assuming that MB molecules could be interacted with SWCNTs in two different ways. 
One is where majority of the MB molecules are strongly bound through charge transfer 
interactions, hydrophobic interactions etc. The second might be due to those MB 
molecules which are weakly bound to SWCNTs through interactions like physisorption. 
In the second case the MB molecules might be interacted with the Nf matrix as well. The 
intensity of peaks of the first redox pair is dominant than that of the second redox pair 
throughout the ranges of pHs tested. Therefore, we can conclude that only a small 
fraction of MB molecules are weakly bound to the SWCNTs. The most acidic pH, like 
1.5, are capable of transporting those MB molecules, which are weakly bound to the 
SWCNTs marix, and thereby facilitating strong interactions with the SWCNTs. 
Therefore, at most acidic pHs the second redox pair of is not distinct (Figure 7-5A(a)). 
Peak potentials (25 °C) can be shown to vary with pH according to 24  
 
Ep = constant + (0.0592/n) log([H+]a3 + Kr,1[H+]a2 + Kr,2[H+]a)   (1) 
where Kr,1 and Kr,2 are dissociation constants of MB in the reduced state, [H+]a is the 
proton concentration, and n is the number of electrons transferred, which for MB is 2. 
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From this equation, it can be deduced that the Ep-pH relationship can have slopes of -90, 
-60 and -30 mV, depending on whether the first, second, or third term, respectively, in the 
bracket is predominant. For MB entrapped in Nf, Ep vs pH plots exhibited two linear 



















Figure 7-5. (A) CVs of the GC/MB-SWCNT/Nf electrode in 0.1 M phosphate buffer 
with pH values of (a) 1.5, (b) 3.5, (c) 6.5, and (d) 9.5; scan rate 20 mV/s. (B) Plots of E°′ 
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The potentials of both redox couples at the GC/MB-SWCNT/Nf electrode shifted to less 
positive values with increasing pH. For the first redox couple, E0’ has an approximate 
linear relationship with pH, with two linear regions; with E0’ (mV) = -94.75pH + 268.53, 
R2 = 0.987 from pH 1.5 to 5.5 and with E0’ (mV) = -43.2pH -4.4, R2 = 0.9914 from pH 
5.5 to 9.5. The slopes -94.75 mV and -43.2 mV are closer to the theoretical values of -90 
mV and -30 mV respectively, suggest that the first term in the bracket in equation (1) was 
the dominant factor for this couple at pH range between 1.5 and 5.5. This can be 
attributed to the step (a) in Scheme 7-1 involving a three- proton, two-electron transfer at 
pH < 5.5 (Scheme 7-1a). Whereas the third term in the bracket in equation (1) was the 
dominant factor for this couple at pH range between 5.5 and 9.5. This can be attributed to 
the step (b) in Scheme 7-1 involving a one-proton, two-electron transfer at pH > 5.5 
(Scheme 7-1b). This is in agreement that the intersection point between the linear E0 
versus pH plots for the first redox couple was occurred at about pH 5.5 similar to the 
literature. 25  
For the second couple, E0’ has an approximate linear relationship with a single linear 
region from pH 3.5 to pH 9.5. E0’vs pH relationship was as follow: E0’ (mV) = -57.59pH 
+ 291.54, R2 = 0.984 suggests that second term in the bracket in equation (1) was the 
dominant factor for this couple at pH range between 3.5 and 9.5. Involving a two-proton, 
two-electron transfer (Scheme 7-1c) corresponding to the predominance of the second 
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Scheme 7-1. Redox reactions of MB. First redox couple at (a) pH < 5.5, (b) pH > 5.5 and 
(c) second redox couple at pH range between 3.5 and 9.5. 
 
7.3.4. UV-VIS spectra of MB-SWCNT Nanostructure 
The formation of a MB-SWCNT/Nf nanostructure was studied with UV-VIS 
spectroscopy as shown in Figure 6, in which the UV-VIS spectra of free MB (Figure 7-6, 
inset) and the MB-SWCNT adduct (Figure 7-6a, with a 5× expansion) dispersed in water 
are displayed. The UV-VIS spectrum of the SWCNTs dispersed in aqueous solution 
exhibits a featureless absorption (Figure 7-6b), whereas the spectrum of free MB in 
aqueous solution displays a strong absorbance at 663 nm, characteristic of the MB 
monomer in solution. The shoulder at 617 nm was ascribed to the absorbance of the MB 
dimer in solution.25 The chemisorption of MB onto the SWCNTs was evident from the 
spectrum of the MB-SWCNT adduct, which is similar to that of free MB. However, a 
close inspection of the spectrum of free MB and the MB-SWCNT adsorptive 
nanostructure reveals that there is a change in the spectrum of MB after its adsorption 
onto the SWCNTs. For example, two absorption peaks of free MB in solution at 663 and 
617 nm shifted to 646 and 600 nm, respectively, after its adsorption onto the SWCNTs. A 
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new peak appeared at 737 nm, which was due to the absorbance of the aggregation of 









Figure 7-6. UV-VIS absorption spectra of (a) MB-SWCNT/Nf, (b) SWCNT/Nf in Water. 
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Figure 7-7. CVs of GC/SWCNT/Nf and GC/MB-SWCNT/Nf respectively in the absence 
(a, b) of   and in the presence (c, d) of (A) 0.5 mM AA, (B) 0.5 mM DA and (C) 0.3 mM 
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Table 7-1. CV Peak Currents and Potentials for Oxidations of AA, DA and UA                       







At the GCE, AA, DA and UA oxidized at closely similar potentials which are 623 mV, 
711 mV and 690 mV respectively (Table 7-1). All the three analytes exhibited a negative 
shift in oxidation potentials at the GC/SWCNT/Nf electrode. Also, the sharp increase in 
the corresponding peak intensities of all the three analytes at the GC/SWCNT/Nf 
electrode support the electrocatalytic properties and the increased surface area of 
SWCNTS (Figure 7-7). This is further supported by the smaller peak-to-peak separation 
of DA at the GC/SWCNT/Nf electrode (Ep, a = 527 mV, Ep, c = 474; ΔEp = 53 mV). At the 
GC/MB-SWCNT/Nf electrode, all the three analytes were oxidized at lesser positive 
potentials compared to that at the GC/SWCNT/Nf electrode (Figure 7-7). This can be 
explained by the synergetic effects of the enhanced surface area of SWCNTs and the 
electrocatalytic effect of both SWCNTS and MB. This is further supported by the sharp 
increase in the peak currents of all the three analytes at the GC/MB-SWCNT/Nf 
electrode. The smaller peak-to-peak separation of DA at the GC/MB-SWCNT/Nf 
electrode (Ep, a= 498 mV, Ep, c= 448; ΔEp=50 mV) further supports the above fact. The 
electrocatalytic effects of MB for the oxidation of AA and UA was reported earlier2b. 
However, here at the GC/MB-SWCNT/Nf electrode, the synergetic effect of enhanced 













GC 623 7.5 711 15.4 690 3.2 
GC/SWCNT/Nf   252 16.0 527 22.2 671 17.4 
GC/MB-
SWCNT/Nf    
243 32.2 498 35.2 622 35.2 
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surface area of SWCNTs and the electrocatalytic effect of both MB and SWCNTs 
certainly provided the enhanced peak currents for the oxidation of AA, DA ad UA. 
The anodic peak currents of the analytes increase linearly with square root of scan rate in 
the range of 20-500 mV/s at the GC/MB-SWCNT/Nf electrode. After washing the 
electrode with a large amount of millipore water and afterwards putting it in a blank 
solution (0.1M phosphate buffer, pH 1.50), no peak was observed. This result shows that 
AA, DA or UA is hardly adsorbed at the surface of the modified electrode.  
7.3.6. Influence of the Amount of MB Loading on Oxidation Peak of UA 
The influence of the amount of MB in the SWCNTs on the oxidation peak for 0.2 mM 
UA in 0.1 M phosphate buffer, pH 1.5, was investigated. Under these conditions, the CV 
anodic peak height for UA increased approximately linearly with increasing the amount 
of MB used up to 2mg. From 2 mg MB upward, the peak current for UA remained 
constant. Therefore, 2 mg MB was taken as the optimum amount for all the further 
studies, bearing in mind that at concentrations above this, significant leakage of MB was 
encountered. This is indicative of charge-transfer interactions between MB and the 
SWCNTs, which essentially suggest that the formed MB-SWCNT nanostructure 
possesses distinct electrochemical properties from MB confined onto a GC electrode as 
generally used for most electrochemical measurements. 
7.3.7. Effect of pH on the Oxidation Potentials of AA, DA and UA 
The ability of the GC/MB-SWCNT/Nf electrode to discriminate between the AA, DA 
and UA, oxidation peaks was examined as a function of pH. The results show that, with 
increasing pH, a negative shift in Ep, a occurs for all the three compounds from pH 1.50 to 
8.50 (Figure 7-8). The peak potential vs pH dependence appears to be explainable on the 
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basis of the coupling of the electron- and proton transfer steps, as treated theoretically by 









Figure 7-8. Plots of CV anodic peak potential versus pH for (a) AA (b) DA and (c) UA 
(0.5 mM each in 0.1M phosphate buffer, pH 1.50 scan rate, 20 mV/s). 
 
7.3.8. Simultaneous Determination of AA, DA and UA 
The detection of AA, DA and UA in real samples (e.g., biological fluids) gives rise to 
mutual interferences because of overlapping oxidation peaks. Because of this, 
simultaneous determination requires a separation step.27-28 In some cases, chemically 
modified electrodes have been used for the selective determination of one or two these 
analytes at a time.27, 29, 2b The ability of the GC/MB-SWCNT/Nf electrode towards the 
effective separation of the oxidative potentials of these analytes, thus allowing their 
simultaneous electrochemical analysis, was tested. At the GCE, the oxidation peaks of 
AA, DA and UA are very close and therefore, it is not possible to separate these analytes.    
Both GC/SWCNT/Nf and GC/MB-SWCNT/Nf electrodes showed excellent selectivity 
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simultaneous detection of these analytes for the GC/MB-SWCNT/Nf electrode are 
















Figure 7-9. CVs of (A) GC/SWCNT/Nf and (B) GC/MB-SWCNT/Nf respectively in the 
absence (a) of and in the presence (b) AA (1 mM), DA (1 mM) and UA (0.6 mM). 
Electrolyte: 0.1 M phosphate buffer, pH 1.50 scan rate, 20 mV/s. 
We chose LSV as the main technique for analytical studies of AA, DA and UA at the 
GC/MB-SWCNT/Nf. The analytical characteristics are summarized in Table 7-2. pH 
1.50 was chosen for these studies because this pH offers good sensitivities as well as 
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enhanced surface area of SWCNTs and the electrocatalytic effect of both MB and 
SWCNTs, a good opportunity arises that allows the simultaneous determination of AA, 
DA and UA. Figure 7-10 shows the LSVs at the GC/MB-SWCNT/Nf electrode in 0.1M 
phosphate buffer, pH 1.50 at varying concentrations of AA, DA and UA. There are no 
peaks in the potential window in the absence of AA, DA, and UA (Figure 7-10a). When 
AA, DA and UA are present in the above solution the ip, a values at ~ 243, 498 and 622 
mV increase with increasing concentrations of AA, DA, and UA respectively (curves b-l 
in Figure 7-10), which corresponds to the electrocatalytic oxidation of AA, DA, and UA 













Figure. 7-10. LSVs for different concentrations of AA, DA, and UA at the GC/MB-
SWCNT/Nf electrode: (a) 0, (b) 0.03, (c) 0.05, (d) 0.07, (e) 0.1, (f) 0.3, (g) 0.5, (h) 0.7, (i) 
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 Table 7-2. Analytical Data for AA, DA and UA at GC/MB-SWCNT/Nf electrode 
a RSD = relative standard deviation; based on 4 consecutive measurements. b Estimated based on 70 nM 
solution in 0.1 M phosphate buffer.  
c Estimated based on 50 nM solution in 0.1 M phosphate buffer .d Estimated based on 10 nM solution in 0.1 
M phosphate buffer. eS/N = 3, estimated using the standard deviations at the determination limits and 
slopes of the calibration plots. 
 
The reproducibility of the GC/MB-SWCNT/Nf electrode was obtained using the same 
electrode for 8 repeated analyses of a solution containing 0.7 µM each of AA, DA and 
UA, with an average peak current of 3.2 ± 0.5 µA (using the signal of UA as an 
example). The response signal was stable (±3.8% at 95% confidence interval) for 8 
repeated analyses. For fast and simple surface renewal, the GC/MB-SWCNT/Nf 
electrode was kept in the blank solution prior to use for approximately 10 min and then 3-
5 CV cycles in the blank solution was conducted.  
For the present case, the GC/MB-SWCNT/Nf electrode was stored in the blank solution 
at ambient conditions and it was found to be stable for 3 weeks or more. As an indicator 
of its stability, we tracked the performance of a GC/MB-SWCNT/Nf electrode over a 
period of 3 weeks with the simultaneous electrochemical detection of a solution 
 AA DA UA 
Determination limit, 
nM 
50 50 30 
RSD(%)a 4.21b 3.23c 2.32d 
Linear range 14nM-20µM 17nM-20µM 6nM-20µM 
Regression equation ip, a (µA)= 
2.857C(µM)+ 0.0059  
(R2=0.9965) 
ip, a (µA)= 
2.514C(µM)+0.0083 
(R2=0.9952) 
ip, a (µA) =  
4.084C(µM)+ 0.0035  
(R2=0.9997) 
                
Detection limit, nMe 14 17 6 
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containing 0.7 µM each of AA, DA and UA, every 3-5 days. A total of 12 measurements 
of current were taken, which gave a relative standard deviation of 4.75% (using the signal 
of UA as an example). 
7.3.9. Simultaneous Determination of AA and UA in Urine 
Two human urine samples were collected from two different patients were examined with 
the present method. To fall within the linear range, the urine samples were diluted by a 
factor of 1000 with 0.1M phosphate buffer, pH, 1.50 (Table 7-3). Through the dilution 
process is believed to decrease possible matrix effects greatly for biological samples. To 
confirm the validity of the results, the samples were spiked with AA, DA and AA. The 
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                 All samples were analyzed using standard addition method (n = 3). 
                   a Mean value (n= 3). 
                   b Total value was obtained by multiplying the detected value by the dilution factor, 1000     
 
7.4. Conclusions 
This study has demonstrated that MB-functionalized SWCNTs can be successfully 
applied for the simultaneous detection of AA, DA and UA with excellent sensitivity and 
selectivity. Significant advantages of these functionalized nanomaterials are their 
excellent stability (repeatedly used for more than 3 weeks), very good reproducibility, 
and ease of preparation. It is a fast system with apparently high catalytic efficiency 
leading to very low detection limits in the region of nanomolar concentrations offering a 
 AA DA UA 
Sample 1 
Detecteda (µM) 0.065±0.02 0.084±0.01 0.098±0.03 
Spiked (µM) 0.1 0.1 0.1 
After spike (µM) 0.159±0.026 0.187±0.034 0.199±0.076 
Recovery (%) 94 103 101 
Total concentration in the sampleb (µM) 65±20 84±10 98±30 
Sample 2 
Detecteda (µM) 0.12±0.03 0.092±0.021 0.19±0.04 
Spiked (µM) 0.1 0.1 0.1 
After spike (µM) 0.227±0.067 0.193±0.054 0.295±0.076 
Recovery (%) 107 101 105 
Total concentration in the sampleb (µM) 120±30 92±20 190±40 
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good possibility for extending this technique to the routine analysis of AA, DA and UA 
in clinical samples.
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Simultaneous Electrochemical Detection of Carcinogenic Polycyclic 
Aromatic Amines in Environmental Samples Using Single-Walled 
Carbon Nanotube-Gold Nanoparticle Composite 
 
The attractive physical and chemical properties of metal and metal-oxide NPs have been 
widely exploited in the last years for electrochemical sensing applications. Catalysis can 
be considered as one of the most popular applications of NPs of transition metals, 
especially noble metals, because of their high catalytic activities for many chemical 
reactions. Such characteristics together with an ease of miniaturization of sensing devices 
to nanoscale dimensions make NPs suitable for important applications in 
chemical/biochemical sensing. Because of the high catalytic activities of NPs and the 
favorable characteristics of the SWCNTs, a combination of the above two materials is 
expected to provide a highly stable and sensitive sensing platform for target analytes. 
Incorporation of NPs to CNTs electrode matrices has been demonstrated to enhance the 
electrocatalytic efficiency of many electrochemical processes giving rise to several 
significant applications. 
In this chapter, we have established the preparation of a nanocomposite containing 
SWCNTs and thiol-derivatised Au NPs. The applicability of the nanocomposite in the 
detection of carcinogenic polycyclic aromatic amines (PAAs) is also established. 
Moreover, the selectivity of the nanocomposite towards the simultaneous detection of the 
PAAs is also developed. The applicability of the nanocomposite is demonstrated for 
simultaneous analysis of PAAs in enviromental samples. 
 
Chapter 8. Simultaneous Electrochemical Detection of PAAs Using SWCNT-Au NP Composite 
 
 146
8.1. Review of the Topic 
PAAs have been proven to produce tumors in experimental animals in a wide variety of 
tissues including liver, urinary bladder, small intestine, Zymbal’s gland, subcutaneous 
tissue or skin. In man, exposure to some PAAs is associated with tumors of the urinary 
bladder and carcinoma of the renal pelvis.1 Because of their toxicological significance, 
PAAs are included in the United States Environmental Protection Agency list of priority 
pollutants.2 It is therefore imperative to assess proper means of identification and 
detection of PAAs in environmental matrices. Such assays are commonly carried out in 
laboratories using various separation techniques.3-4 However, in view of the lengthy 
analysis time, and cost of laboratory-based chromatographic analyses, there are 
considerable interest for fast and cheaper alternative techniques for environmental 
screening of PAAs. These compounds are amenable to anodic oxidation on suitable solid 
or paste electrodes. This fact was exploited for voltammetric detection of 4-
aminobiphenyl, 2-aminofluorene, and benzidine and its derivatives on glassy carbon-
rotating disk electrode, of 4-aminobiphenyl on carbon paste electrode and for the HPLC 
with electrochemical detection of 1-aminopyrene, 3-aminofluoranthene, 1-
aminonaphthalene, benzidine and dichlorobenzidine, and benzidine derivatives in 
laboratory wastes, in water and soil, in urine, and in wastewater5-14. Wang et al. have 
considered the intercalative binding of PAAs to double-stranded calf thymus DNA, and 
their inherent electroactivity, for designing new affinity electrochemical biosensors for 
these pollutants based on potentiometric stripping analysis.13 Later Chiti et al. developed 
a disposable electrochemical DNA biosensor for the detection of toxic PAAs.14 However, 
these techniques are not sufficiently sensitive and selective for trace environmental 
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analysis of these compounds. Therefore, there are growing needs for innovative 
techniques for these environmental mutagens. 
As mentioned in the introductory chapter, ASV is an excellent technique for the 
determination of chemical species at trace levels, and also for speciation studies. An 
increase in sensitivity (and a lower detection limit) can be achieved by the utilization of a 
pre-concentration step that accumulates the electroactive species on the electrode surface 
before its quantitative determination that can be carried out by control of applied current 
or applied potential, or at an open circuit. ASV has been shown to be highly suitable for 
measuring organic compounds (including cardiac or anticancer drugs, nucleic acids, 
vitamins, or pesticides) that exhibit surface active properties. Depending on their redox 
activity, the quantitation of the adsorbed organic compounds may proceed, through 
oxidation or reduction.15 
 The role of CNTs in electroanalytical chemistry due to its properties such as a high 
electronic conductivity and a high mechanical resistance have driven an impressive 
research effort in electroanalytical applications in recent years.16-18 Incorporation of NPs 
to CNTs electrode matrices has been demonstrated to enhance the electrocatalytic 
efficiency of many electrochemical processes giving rise to several significant 
applications. For example, a sensitive determination of estrogens with a Pt nano-
clusters/MWCNTs-GCE was reported. The modified electrode exhibited a strong 
electrocatalytic activity toward the oxidation of estradiol, estrone and estriol.19 Pt NPs 
were electrochemically dispersed on 4-aminobenzene monolayer-grafted MWCNTs by a 
potential-step method, and the resulting Pt-MWCNT composite exhibited high 
electrocatalytic activity for methanol oxidation, which may have potential application in 
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direct methanol fuel cell.20 FeCo/CNTs nanocomposite film modified GCEs, where FeCo 
alloy NPs have diameters about 18 nm, showed a high electrocatalytic activity toward 
H2O2 reduction which is attributed to the expected catalytic activity of nanosized FeCo 
alloy NPs supported on the external walls of CNTs.21 Transition metal hexacyanoferrate 
NPs appear to be especially attractive owing to their interesting chemical and 
electrochemical properties.22 The combined use of CNTs with cobalt hexacyanoferrate 
NPs led to substantially improve the performance characteristics of an insulin sensor. A 
synergistic effect resulted in remarkably enhanced insulin responsive currents owing to 
the superior electron transfer ability of CNTs and the excellent reversible redox centres of 
the NPs. Polythionine/Au NP/MWCNT modified electrodes were fabricated via a two-
step process.23 First, Au NP/MWCNT composite, which was synthesized by ultrasonic, 
were deposited on a GCE. Then, thionine was electropolymerized on the surface of Au 
NP/MWCNT-GCE. The Polythionine/Au NP/MWCNT modified electrode exhibited 
enhanced electrocatalytic behaviour and good stability for the direct electrochemical 
detection of guanine and adenine in 0.1M PBS (pH 7.0). A sensitive electrochemical 
method for the measurement of guanine and adenine in calf thymus DNA was developed 
with this modified electrode. Furthermore, a gold electrode modified with Au NPs and 
MWCNTs was used to detect and determine cytochrome c.24 A novel nano-silver coated 
MWCNT composite was prepared on a GCE and applied to the determination of trace 
thiocyanate in urine and saliva samples of smokers and nonsmokers.25 Au, silver and 
palladium metal NPs supported on glassy carbon microspheres were combined together 
into a composite film on a GCE surface using MWCNTs. The MWCNTs serve to not 
only mechanically support this composite film but they also help to wire up each 
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modified GCE to the underlying substrate. This structure has been proposed as a progress 
towards combinatorial electrochemistry, and proof-of-concept examples using model 
target analytes such as hydrazine, bromide and Tl(I), are presented.26 Metal NPs (Pt, Au, 
or Cu) together with MWCNTs or SWCNTs solubilized in Nf have been used to form 
nanocomposites for electrochemical detection of trinitrotoluene and several other 
nitroaromatics. The most synergistic effect was observed for the nanocomposite modified 
GCE containing Cu NPs and SWCNTs, ASV for trinitrotoluene resulted in a detection 
limit of 1 ppb with linearity up to 3 orders of magnitude.27 
Preparation of novel electrochemical biosensor designs profiting the unique 
characteristics of CNTs-metal NP hybrid materials is nowadays a clear trend in modern 
electroanalytical chemistry. An amperometric biosensor based on self-assembling 
glutamate dehydrogenase and poly (amidoamine) dendrimer-encapsulated Pt NPs onto 
MWCNTs has been developed for the determination of glutamate.28 The results indicated 
the uniform growth of the layer-by-layer nanostructures onto carboxyl-functionalized 
CNTs. A similar Pt NPs encapsulation scheme has been employed to construct an 
amperometric glucose biosensor based on layer-by-layer electrostatic adsorption of 
glucose oxidase and the dendrimer-encapsulated NPs on MWCNTs. The excellent 
electrocatalytic activity of CNTs and Pt NPs toward H2O2 and special 3-D structure of the 
enzyme electrode resulted in a low detection limit, a short response time and a high 
sensitivity for glucose detection.29 Furthermore, a highly sensitive and selective glucose 
biosensor was developed based on immobilization of glucose oxidase within mesoporous 
CNT–titania–Nf composite film coated on a GCE modified with electrodeposited Pt 
NPs.30 
 
Chapter 8. Simultaneous Electrochemical Detection of PAAs Using SWCNT-Au NP Composite 
 
 150
Composites prepared with CNTs and Au NPs have demonstrated to possess specially 
relevant properties for biosensors detection due to the coupling of Au NPs capability to 
adsorb proteins with no loss of bioactivity, with the electrocatalytic ability of CNTs 
towards molecules of biochemical interest. In this context, the construction and 
performance of a novel colloidal Au/CNT composite electrode using Teflon as the non-
conducting binding material has been recently reported.31 The resulting Au 
NP/CNT/Teflon electrode shows significantly improved responses to H2O2 and NADH 
when compared with other carbon composite electrodes, including those based on CNTs. 
The incorporation of glucose oxidase into the new composite matrix allowed the 
preparation of a mediatorless glucose biosensor. Furthermore, a novel ethanol biosensor 
based on the bulk incorporation of alcohol dehydrogenase into the Au 
NP/MWCNT/Teflon composite electrode, was also reported.32 A multilayer Au 
NP/MWCNT/ glucose oxidase membrane was prepared by electrostatic assembly using 
positively charged poly(dimethyldiallylammonium chloride) to connect them layer-by-
layer. The membrane showed excellent electrocatalytic ability for glucose biosensing at a 
relatively low potential (−0.2 V).33 Moreover, a glucose biosensor involving 
immobilization of glucose oxidase in chitosan on a GCE modified with Au–Pt alloy NP/ 
MWCNT, exhibited excellent performance at an applied potential of 0.1V, with a high 
sensitivity, a low detection limit (0.2 µM), a wide linear range, a fast response time and 
good reproducibility, stability, and selectivity. This improved performance was attributed 
to the synergic effect between the unique properties of both types of nanomaterials. The 
biosensor was applied to the determination of glucose in human blood and urine samples 
with satisfactory results.34 
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In this study, a combination of SWCNTs and Au NPs were used to form a nanocomposite 
to modify a GCE to improve electroactivity and selectivity for carcinogenic PAAs. With 
the combination of excellent adsorptive properties of SWCNTs with an enhanced 
electroactive surface area, electrical conductivity of Au NPs together with the interaction 
of the amino group of the analytes and Au NPs,35 we have achieved the simultaneous 
electrochemical detection of several PAAs. Au NPs were in electrical contact, through 
the SWCNTs, with the GCE backing, enabling the composite structure to be used as an 
electrode.36 The performance of the resulting electrode with respect to sensitivity, linear 
range, and selectivity toward several PAAs was evaluated and is discussed. The 
applicability of the GCE modified by the nanocomposite was demonstrated for 
simultaneous analysis of PAAs in tap water, river water, and municipal wastewater. 
8.2. Experimental 
8.2.1. Chemicals 
HAuCl4, tetraoctyl ammonium bromide, dodecanethiol, sodium borohydride, 2-
aminonaphthalene (Catalog No. N8381), 9,10-diaminophenanthrene (Catalog No. 
D22908) and 2-aminobiphenyl (Catalog No. 07110) were obtained from Sigma-Aldrich 
(Singapore). All chemicals were used as received River water samples were taken from 
the Ulu Pandan River, Singapore. Wastewater samples were collected from a municipal 
wastewater treatment plant in Singapore. The samples were protected from light and 
stored at 4 °C. 
8.2.2 Safety Considerations 
In view of their toxicity PAAs should be handled with special care. Long-term exposure 
to different derivatives can cause cancer, and the vapor of these chemicals is also 
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dangerous. Stock solutions of these chemicals must be prepared in a fume hood while 
being handled extremely carefully. Since such compounds can be easily absorbed through 
the skin, any skin contact must be avoided. 
8.2.3 Sample Preparation 
 Stock solutions of the PAAs (1000 mg/L) were prepared in dimethyl formamide. Analyte 
solutions were prepared daily by dilution of the stock solutions in 20 mM Britton-
Robinson (B-R) buffer, pH 1.5, and protected from light and stored at 4 °C. Water 
samples (tap water, river water, and wastewater) were used without any pretreatment. 
8.2.4 Preparation of Au NP /SWCNT Nanocomposite and Modification of GCE 
Prior to use a GCE was prepared as mentioned in the experimental chapter. Thiolaed-Au 
NPs were prepared as mentioned in the experimental chapter.37  SWCNTs (final 
concentration 0.5-2.0 mg/mL) were added to 1 mL of dodecanethiol stabilized Au NPs 
(0.02-0.1 µM) in toluene, and sonicated for 12 hrs. One drop (5 µL) of the dissolved 
nanocomposite was placed on the GCE. The droplet was carefully manipulated to just 
cover the entire electrode surface, and was dried for 10 min in an oven at 80 °C, which 
resulted in the formation of a uniform film consisting of a network of SWCNTs and Au 
NPs, termed herein as GC/Aunano/SWCNT electrode. 
8.2.5. Instrumentation 
Raman spectra of SWCNTs or Au NP/SWCNT nanocomposite were acquired by a 
Renishaw (Wotton-under-Edge, UK) 2000 Raman spectrometer equipped with a 514-nm 
laser and a charge-coupled device detector to provide direct 2-D Raman imaging and 
Raman spectra. Raman spectra of SWCNTs or Aunano/SWCNT nanocomposite deposited 
on the GCEs were obtained by using a custom-made adapter to align the electrode 
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perpendicularly under the laser beam. CV and ASV methods were used for the 
electrochemical studies. The working electrodes were bare GCE, Au electrode, and 
GC/SWCNT and GC/Aunano/SWCNT electrodes (each 3 mm in diameter). CV and ASV 
scans were conducted at a scan rate of 100 mV/s between 0 mV to 1200 mV. A 20 mM 
B-R buffer was used as the electrolyte and phosphoric acid or sodium hydroxide were 
used to adjust the pH.  
8.2.6. Electrochemical Detection of PAAs  
The electrochemical measurement consisted of two consecutive steps: (i) 
preconcentration of the analytes from the stirred solution to the electrode poised at 0.0 V 
vs Ag/AgCl27 and (ii) oxidative stripping using LSV/detection at 100 mV/s. Aromatic 
amines are very easy to oxidize and usually anode potentials of 500–1500 mV vs 
saturated calomel electrode are adequate to oxidize them. The anodic oxidation of these 
compounds presumably produces a cation radical (Scheme 8-1). Coupling reactions and 
deprotonation of the radical species are likely occurrences. Often dimers are formed via 
C–C, C-N and N–N bonds, which are more easily oxidized than the starting aromatic 
monomers because of the enhanced charge delocalization in the dimer intermediates.38-40 
In general, for sensitive detection of such aromatic amines, the selected electrode material 
must have good adsorptive characteristics, efficient electron transfer in the 












Scheme 8-1.  Oxidation of aromatic amines. 
8.3. Results and Discussion 
 8.3.1. General Characterization 
 A homogeneous dispersion of the Au NPs prepared had diameters in the range of 1 to 3 
nm and a maximum in the particle size distribution at 2.0-2.5 nm. Figures 8-1A shows the 
TEM images of the Au NPs. Figure 8-1B shows the image of the Aunano/SWCNT 
composite, with a higher (5×) magnification depicted in Figure 8-1C (inset). EDX 
analysis (Figure 8-1D) of Aunano/SWCNT nanocomposite showed the presence of Au NPs 
on SWCNTs. It is obvious from the high (5×) magnification TEM image (Figure 8-1C 
(inset)) that the Au NPs were self-assembled onto the side walls of the SWCNTs after the 
modification process. These results indicate that via dodecanethiol groups, it was possible 
to deposit the Au NPs on the SWCNTs. Moreover, from the TEM analysis, it was clear 
that the chances of agglomeration of these NPs were rare in contrast to previous reports27, 
41 
The Raman measurements were performed directly on the modified GCEs with 8 
repeated measurements at several different spots. Two typical Raman characteristics of 
SWCNTs were examined for the GC/SWCNT electrode: the radial breathing mode at 184 
cm-1 (peak 1) and the high-energy mode at 1575 cm-1 (peak 2) with mean values of 17 ±8 
and 276 ± 56, (n = 8, at 95% confidence interval), respectively (Figure 8-1E). The mean 
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values for 8 measurements obtained for the GC/Aunano/SWCNT electrode were 
significantly higher: 38 ± 15 for peak 1 and 621 ± 37, (n = 8, at 95% confidence interval) 
for peak 2 (Figure 8-1F). The intensified Raman signature on the GC/Aunano/SWCNT 
electrode could be attributed to the amplification effect of Au NPs, a phenomenon known 
as surface-enhanced Raman scattering.42 These results again confirmed the presence of 











































Figure 8-1.  (A) TEM image of the Au NPs, (B) TEM image of Aunano/SWCNT 
nanocomposite, (C) high (5×) magnification TEM image of Aunano/SWCNT 
nanocomposite, (D) EDX analysis showing the presence of Au in the nanocomposite, (E) 
Raman signature of GC/SWCNT electrode, (F) Raman signature of GC/Aunano/SWCNT 
electrode. Peak characteristics: radial breathing mode at 184 cm-1 and high energy mode 
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8.3.2. Electrochemical Characterization 
 The presence of Au NPs in the nanocomposite was also confirmed by the CVs of bare 
Au, and GC/Aunano/SWCNT electrodes (both 3 mm in diameter) in 0.5 M H2SO4. As 
shown in Figure 8-2A, the CV profile for the GC/Aunano/SWCNT electrode matched well 
with the well-known CV characteristics for metallic Au in acidic medium.43 The anodic 
part of the scan exhibited an oxidation (Oxd) peak, corresponding to the formation of 
Au(OH)3. The reverse scan revealed Au(OH)3 reduction (Red) to the metallic Au. For the 
GC/Aunano/SWCNT electrode, the capacitive current was much higher compared to the 
Au electrode due to the presence of the semiconducting SWCNTs (Figure 8-2A, curve b). 
Figure 8-2B shows steady-state CVs of the GC/SWCNT (curve a) and the 
GC/Aunano/SWCNT (curve b) electrodes in 1 mM Fe(CN)63- and 1 M KCl at 50 mV/s. 
The well-defined oxidation and reduction peaks due to the Fe(CN)63-/Fe(CN)64- redox 
couple were observed at 326 and 224 mV at the GC/SWCNT electrode and at 314 and 

































Figure 8-2.   (A) CVs of  (a) bare Au electrode, and (b) GC/Aunano/SWCNT electrode in 
0.5 M H2SO4 at scan rate 50 mV/s. (B) Comparison of electroactive surface area by CV 
in 1 mM Fe(CN)63- and 1 M KCl at 50 mV/s vs Ag/ AgCl: (a) GC/SWCNT electrode and 
(b) GC/Aunano/SWCNT electrode.  
 
The GC/Aunano/SWCNT electrode exhibited a much higher electroactive surface area, as 
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The estimated electroactive surface area for the GC/Aunano/SWCNT electrode (optimized 
for 2 mg/mL of SWCNTs in 0.05 µM Au NP solution) was (6.71 ± 0.10) ×10-2 cm2 (five 
repeated analyses). For the GC/SWCNT electrode (2 mg/mL of SWCNTs), the 
electroactive surface area was smaller, (4.12 ± 0.10) ×10-2 cm2 (n = 5). For the 
GC/SWCNT electrode, the peaks were less intense, and the shift in potentials and lower 
peak current values confirmed a lower electroactive surface area. This result might reflect 
the lack of Au NPs that acted as nanoconnectors between SWCNTs and the electrode. In 
addition, ΔEp, indicative for the reversibility of the electrochemical reaction, observed 
for the GC/SWCNT electrode (102 mV) was higher than that for the GC/Aunano/SWCNT 
electrode (73 mV) possibly due to the inherent semiconducting properties of SWCNTs 
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Scheme 8-2. Structure and names of PAAs investigated in this study. 
 
Figure 8-3 shows the detection of PAAS at the various electrodes. For all the PAAs at the 
given concentrations tested, virtually no response could be discerned except for 9,10-
diaminophenanthrene (Figures 8-3B(a), 8-3D(a) and 8-3F(a)) at the bare GCE in the 
given potential window. In the case of 9,10-diaminophenanthrene, a small peak was 
obtained (Figure 8-3B(a)) but it made little contribution to the observed peak at the 
GC/SWCNT and at the GC/Aunano/SWCNT electrodes. As expected, these compounds 
displayed adsorptive stripping response at the GC/SWCNT electrode. However, the 
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corresponding signals at the GC/Aunano/SWCNT electrode are significantly higher. 
Moreover, in the case of the GC/SWCNT electrode, an elevated background current was 
observed during the potential scan for all the PAAs, masking the appearance of the 
oxidation peaks of the PAAS.27 However, such an effect was much less pronounced at the 
GC/Aunano/SWCNT electrode. Evidently, the background current was stable and lower 
when Au NPs was present in the nanocomposite. Also, note that in the absence (Figure 8-
3C, curve d) and in the presence of PAAs, at both the GC/SWCNT and 
GC/Aunano/SWCNT electrodes, there is an unknown peak at about 350 mV; this may be 
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Figure 8-3. ASV response for (A) 9,10-diaminophenanthrene, 50 µg/L, (C) 2-
aminonaphthalene, 40 µg/L and (E) 2-aminobiphenyl, 30 µg/L at (a) GC/Aunano/SWCNT 
(b) GC/SWCNT and (B(a)), (D(a)), and (F(a)) ASV response for 9,10-
diaminophenanthrene, 50 µg/L, 2-aminonaphthalene, 40 µg/L and  2-aminobiphenyl, 30 
µg/L respectively at bare GCE in 20 mM B-R buffer, pH 1.5 at 0 V vs Ag/AgCl; scan 
rate, 100 mV/s, preconcentration time, 600 s. 
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Figure 8-4 displays the dependence of the LSV peak response of the GC/Aunano/SWCNT 
electrode on the preconcentration time for different PAAs. The significance of the 
electrode preconditioning time on the oxidative stripping voltammetric peaks for the 
analysis of 120 µg/L of the PAAs can be clearly understood from the Figure. Without 
preconcentration, almost all compounds were virtually undetected at 120 µg/L. The 
response of the modified electrode toward all three compounds increases rapidly with 
time at first and then slowly, indicating appreciable adsorption. Although shorter 
preconditioning times might provide faster analysis, longer times yield greater sensitivity, 











Figure 8-4. Effect of preconcentration time on the peak heights for 120 µg/L (A) 9,10-
diaminophenanthrene, (B) 2-aminobiphenyl, (C) 1,2-diaminoanthraquinone, (D) 1-
aminopyrene, (E) 2-aminoanthracene, and (F) 2-aminonaphthalene at GC/Aunano/SWCNT 
electrode in 20 mM B-R buffer, pH 1.5 at 0 V vs Ag/AgCl; scan rate 100 mV/s.   
 
Figure 8-5 displays calibration data for different PAAs at the GC/Aunano/SWCNT 
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time resulted in well-defined peaks for the concentration ranges examined. The response 
for 9,10-diaminophenanthrene (A), 2-aminonaphthalene (B) and 2-aminobiphenyl (C) 
increases linearly over the entire ranges tested. For instance, for 9,10-
diaminophenanthrene (A), and 2-aminobiphenyl (F) the calibration curves have the 
highest slopes and correlation coefficients of (638.6 ± 80 nA/µg/L, 0.9998), and (632.5 ± 
30 nA/µg/L, 0.9999) respectively at 95% confidence interval (n=5). On the other hand,  
for 2-aminonaphthalene (Figure 8-5B), the calibration curve yielded slope and correlation 
coefficient (315 ± 60 nA/µg/L, 0.9996) at 95% confidence interval (n=5). Detection 
limits around 1 µg/L for 9,10-diaminophenanthrene (A) and aminobiphenyl (C) and 
around 2 µg/L for 2- aminonaphthalene (B) could be obtained at a signal to noise ratio of 
3. Comparing the literature values, the detection limits of these PAAs determined here 




































Figure 8-5.  ASV response for  
(A) 9,10-diaminophenanthrene (a) 50 (b) 40 (c) 30 (d) 20 (e) 10 (f) 5 (g) 2 (h) 1 and (i) 0 
µg/L,  
(B) 2-aminonaphthalene (a) 50, (b) 20, (c) 10, (d) 5 and (e) 0 µg/L, and  
(C) 2-aminobiphenyl (a) 50 (b) 20 (c) 10 (d) 5 (e) 2 and (f) 0 µg/L  
at GC/Aunano/SWCNT electrode in 20 mM B-R buffer, pH 1.5 at 0 V vs Ag/AgCl; scan 
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8.3.4. Simultaneous Detection of PAAs 
The detection of the PAAs in real samples (e.g., environmental matrix samples) gives rise 
to mutual interferences because of overlapping oxidation peaks. Because of this, 
simultaneous determination requires a separation step.3-4 In some cases, chemically 
modified electrodes have been used for the selective determination of one PAA at a 
time.5,8,13,14 The ability of the GC/Aunano/SWCNT electrode towards the effective 
separation of the oxidative potentials of PAAs, thus allowing their selective 
electrochemical analysis, was tested. The GC/Aunano/SWCNT electrode showed excellent 
selectivity towards these three analytes, 9,10-diaminophenanthrene,  2-aminonaphthalene 
and 2-aminobiphenyl. Here, because of the combination of excellent adsorptive 
properties of SWCNTs with an enhanced electroactive surface area, electrical 
conductivity of Au NPs together with the interaction of the amino group of the analytes 
and Au NPs, a good opportunity arises that allows the simultaneous determination of the 
PAAs (Figure 8-6A(a)). It should be mentioned here that such simultaneous detection of 
PAAs, as far as we are aware, has not been reported in the literature so far. Previous 
works on the direct electrochemical detection of these PAAs 13-14 reported only separate, 
and not simultaneous measurements. Again, as expected, these compounds displayed 
adsorptive stripping response at the GC/SWCNT electrode. However, the corresponding 
signals at the GC/Aunano/SWCNT electrode are significantly higher. Moreover, in the 
case of the GC/SWCNT electrode, an elevated background current was observed during 
the potential scan for all the PAAs, masking the appearance of the oxidation peaks of the 
PAAS (Figure 6A(b)). At the bare GCE no extra peaks were found except that of 9,10-
diaminophenanthrene (Figure 8-6B(a)). 
 




















Figure 8-6.  Simultaneous detection of 9,10-diaminophenanthrene (peak 1), 2-
aminonaphthalene (peak 2), and 2-aminobiphenyl (peak 3), 100 µg/L each at (A) (a) 
GC/Aunano/SWCNT and (b) GC/SWCNT and (B) bare GCE at 0 V vs Ag/AgCl in 20 mM 
B-R buffer, pH 1.5; scan rate, 100 mV/s, preconcentration time,   600 s.  
 
8.3.5. Analytical Characteristics for the Simultaneous Detection of 9,10-
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For improving stable background current and noise, and for good sensitivities and 
separation, 20 mM B-R buffer at three different pH were used, 1.5, 5.5 and 9.5. The best 
signal-to-noise ratio, separation of peaks, and the most intense peaks, especially at the 
lower µg/L range were obtained at pH 1.5 (Figure 8-7a). This might be due to the ease of 
the formation of the cation radical (previously explained in scheme 8-1) under the acidic 
pH. Oxidation peaks of 9,10-diaminophenanthrene, 2-aminonaphthalene, and 2-
aminobiphenyl are 162 mV, 585 mV 812 mV respectively in 20 mM B-R buffer, pH 1.5; 
100 mV/s, 600 s preconcentration time at 0.0 V vs Ag/AgCl. As the pH increases, the 
peaks shift towards less positive potentials. This trend might be due to the lower 











Figure 8-7.  pH effect on voltammetric response for the simultaneous detection of 9, 10-
diaminophenanthrene (peak 1), 2-aminonaphthalene (peak 2), and 2-aminobiphenyl (peak 
3), 300 µg/L each at the GC/Aunano/SWCNT electrode at 0 V vs Ag/AgCl; scan rate, 100 
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Figure 8-8 displays the analytical performance of the GC/Aunano/SWCNT electrode in the 
simultaneous electrochemical detection of 9,10-diaminophenanthrene, 2-
aminonaphthalene, and 2-aminobiphenyl by ASV. A linear peak response towards 
concentration of the analytes was obtained during the simultaneous detection of these 
analytes. Slope and correlation coefficient for the linear response curve for 9,10-
diaminophenanthrene, 2-aminonaphthalene, and 2-aminobiphenyl respectively were 
(320.9 ± 40 nA/µg/L, 0.9999), (164.2 ± 60 nA/µg/L, 0.9981) and (312.7 ± 90 nA/µg/L, 
0.9984) at 95% confidence interval (Figure 8-9). Detection limits around 5 µg/L for 9,10-
diaminophenanthrene and aminobiphenyl and around 20 µg/L for 2-aminonaphthalene 











Figure 8-8.  Performance of GC/Aunano/SWCNT electrode in simultaneous 
electrochemical detection of 9,10-diaminophenanthrene (peak 1), 2-aminonaphthalene 
(peak 2), and 2-aminobiphenyl (peak 3)  by ASV (electrolyte: 20 mM   B-R buffer, pH 
1.5; 100 mV/s, 600 s preconcentration time at 0.0 V vs Ag/AgCl): (a) 1000, (b) 700, (c) 










50 200 350 500 650 800


























Figure 8-9. Set of calibration plots for the simultaneous electrochemical detection of (a) 
9,10-diaminophenanthrene, (b) 2-aminonaphthalenene and (c) 2-aminobiphenyl by ASV; 
20-1000 µg/L. 
 
The reproducibility of the GC/Aunano/SWCNT electrode was examined by eight different 
electrode preparations. The simultaneous electrochemical detection of a solution 
containing 250 µg/L each of 9,10-diaminophenanthrene, 2-aminonaphthalene, and 2-
aminobiphenyl by ASV yielded an average peak current of 80 ± 1.5 µA (using the signal 
of 9,10-diaminophenanthrene as an example). The reproducibility of the analyte signal in 
the simultaneous detection of several PAAs was determined to be within 5% (n = 8) from 
one electrode preparation to another. Excellent reproducibility was also obtained using 
the same electrode for 15 repeated analyses of a solution containing 250 µg/L each of 
these three analytes, with an average peak current of 76 ± 1.9 µA (using the signal of 
9,10-diaminophenanthrene as an example). The response signal was stable (±4.5% at 
95% confidence interval) for 15 repeated analyses with 600 s of preconditioning. The 
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approximately 10 min, followed by 5-10 scans in the blank solution, permitted a fast and 
simple surface renewal.  
Electrode stability is an important consideration in the development of an electrochemical 
sensor. For the present case, the GC/Aunano/SWCNT electrode was stored in the blank 
solution at ambient conditions and it was found to be stable for 1 month or more. As an 
indicator of its stability, we tracked the performance of a GC/Aunano/SWCNT electrode 
over a period of 1 month with the simultaneous electrochemical detection of a solution 
containing 250 µg/L each of 9,10-diaminophenanthrene, 2-aminonaphthalene, and 2-
aminobiphenyl in 20 mM B-R buffer, pH 1.5 by ASV, every 2-5 days. A total of 13 
measurements of current were taken, which gave a relative standard deviation of 5.65% 
(using the signal of 9,10-diaminophenanthrene as an example). 
8.3.6. Simultaneous Detection of PAAs in Different Aqueous Matrices 
The applicability of the present method to relevant environmental samples, is illustrated 
in Figure 8-10, which shows the simultaneous detection of 9,10-diaminophenanthrene, 2-
aminonaphthalene, and 2-aminobiphenyl by ASV. The tap water, river water and 
wastewater samples were used directly to prepare the buffer solution without filtering or 
any pretreatment56 and to all the samples, the three analytes were added to give final 
concentrations of 20 µg/L of each. The characteristic oxidation potentials for 9,10-
diaminophenanthrene, 2-aminonaphthalene, and 2-aminobiphenyl in all the three samples 
analyzed remained more or less the same (Figure 8-10). In the case of tap water and river 
samples, peak heights of all the three analytes remained more or less the same. However, 
in the case of the municipal wastewater sample, there is a pronounced increase in the 
peak heights of all the three analytes compared to the other water samples. Yet, 
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comparison to the sensitivities towards the standard solutions (Figure 8-8) indicates a 
somewhat lower sensitivity. Such an observation is attributed to the influence of the 
matrix constituents. Proper calibration in the relevant sample matrix would be required to 
address this effect. Note again the presence of an unknown peak at about 350 mV. An 
additional flat peak at about 450 mV can be seen in the case of tap water and river water 
samples. This might be possibly due to the presence of some other electroactive 









Figure 8-10.  Simultaneous electrochemical detection of 9,10-diaminophenanthrene 
(peak 1), 2-aminonaphthalene (peak 2), and 2-aminobiphenyl (peak 3) (all at 
concentrations of 20 µg/L) by ASV (scan rate 100 mV/s, 600 s preconcentration time at 
0.0 V vs Ag/AgCl) with different samples adjusted to 20 mM B-R buffer, pH 1.5; (a) tap 
water,  (b) Ulu Pandan river water sample, and (c) municipal wastewater. 
 
8.4. Conclusions 
In summary, a nanocomposite containing SWCNTs and thiol-derivatised Au NPs was 
used to modify a GCE. TEM image of the nanocomposite showed that the Au NPs were 
self-assembled on to the side walls of the SWCNTs after the modification process. 
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these nanoparticles in the nanocomposite were rare. The modified electrode yielded 
superior electrochemical signals for several PAAs. To demonstrate the selectivity of the 
nanocomposite modified electrode towards the different PAAs considered, resulted in 
their simultaneous detection with detection limits in the µg/L range. The two major 
contributing factors to these observations were the combination of excellent adsorptive 
properties of SWCNTs with an enhanced electroactive surface area, electrical 
conductivity of Au NPs together with the interaction of the amino group of the analytes 
and Au NPs. Even without any sample pretreatment, the GC/Aunano/SWCNT electrode 
exhibited very good reproducibility and stability. In general, with excellent detection 
limits in the range of low µg/L concentration, the proposed system is useful for the 
simultaneous detection of these carcinogens in water treatment facilities, seawater, and 
drinking water.  
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Chapter 9 
Direct Electrochemistry and Electrocatalysis of Hemoglobin on Carbon 
Nanochips  
Research on the electrochemistry of enzymes is driven partly by the desire to employ 
reusable catalytic coatings on electrodes for biosensors and other biomedical devices. 
Simultaneously, electrochemical methods are emerging as valuable tools to study protein 
redox chemistry. If direct electron exchange can be achieved, electrodes can substitute for 
enzyme redox partners. The driving force of the reaction is then under electronic control 
via the applied cell potential. Diffusion is often not important in ultrathin films, data 
analysis is simplified, and only tiny amounts of enzyme are needed. The kinetics of 
enzymic reactions can be estimated from voltammetric data. Moreover, optical 
techniques coupled with electrochemistry can characterize molecular properties. 
The modification of the electrode surface with nanomaterials, allows efficient direct 
electron transfer between electrodes and redox active proteins. CNCs are a very 
interesting new class of graphite nanofibers, which are suitable for use as a new type of 
highly conductive catalyst support media. Their excellent catalytic properties and 
comparatively bigger pore size make them suitable for supports for catalysts for reactions 
such as oxidation, hydrogenation, reforming, steam reforming, oxidative 
dehydrogenation, dehydrogenation, isomerization, carbonylation, decarbonylation and 
electrocatalytic reactions. These characteristics, combined with the fact that the number 
and type of functional groups on the outer surface of the CNCs can be well controlled, 
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In this chapter, the application of CNCs as supports for Hb is established. The advantage 
of CNCs as supports for Hb immobilization is studied. The modified electrode was then 
investigated for its electrocatalytic behaviour towards the reduction of H2O2, 
trichloroacetic acid (TCA) and sodium nitrite (NaNO2).  
9.1. Review of the Topic 
When the proteins have redox-active centers, their direct electron-transfer reactions can 
be used to probe the nature of many natural energy conversion processes, from 
photosynthesis to respiration, most of which are mediated by these molecules.1-2 Direct 
electrochemistry of proteins has attracted considerable attention because it provides 
fundamental knowledge of the redox behavior of proteins in biological system and is a 
more effective way of fabricating biosensors, bioreactors, and biomedical devices than 
using mediators.3-4 Hb, a protein that stores and transports molecular oxygen in 
mammalian blood, has a molecular weight of 64,000 and comprises four polypeptide 
subunits, each of which has an iron-bearing heme within molecularly accessible 
crevices.5 Hb is probably the protein whose direct electrochemistry is the most 
extensively studied. However, the facilitation of electron transfer between the heme 
center in the large 3-D structure of Hb and the electrodes is challenging. Redox proteins 
show a slow rate of electron transfer on a conventional electrode because the 
electroactive centers are buried in the protein structure. An unfavorable orientation of 
protein molecules on the electrode surface can block electron transfer between the 
electrode and protein electroactive centers. Moreover, the adsorption of protein molecules 
onto the bare electrode surface would lead to their denaturation, which also decreases the 
direct electron-transfer rate.6-7 In addition to that, electrode passivation can happen due to 
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the adsorption of the large 3-D structure of protein which makes the establishment of 
direct electron transfer between these macomolecules and conventional electrodes 
generally difficult.8 
There are several ways to immobilize protein on the electrode surface including 
adsorption, covalent attachment, electrostatic interactions, and film entrapment.9 Among 
them, film deposition is of greater interest as the ultrathin film can also provide a suitable 
microenvironment for redox proteins to transfer electrons with electrodes. Different 
approaches for casting films have been successfully proposed such as insoluble 
surfactants,10 hydrogel polymers,11 biopolymers,12 clay/surfactant composites,13 NPs,14 
and layer-by-layer methods.15 These films can retain the native structure of protein and 
enhance the direct electron transfer between the protein and electrodes. Nf films have 
been extensively used for electrode modification for their unique ion-exchange, 
discriminative, chemical resistance, and biocompatibility properties.16,17 As a 
perfluorosulfonate ionomer that contains less than 15% ionizable sulfonate groups per 
monomer unit, Nf has a partly hydrophobic character leading to a very high affinity for 
hydrophobic cations but is almost impermeable to anions. Rusiling et al.18 have applied 
the composite films of surfactants, Nf, and proteins on the edge plane pyrolytic graphite 
electrode and investigated the electrochemical behaviors of proteins. Recently, NPs have 
been used in the fields of protein film voltammetry for their advantages of large surface 
area, thermal stability, good biocompatibility, and suitability for many surface 
immobilization mechanisms. Hu et al. have applied different NPs such as SiO2,19 Fe3O4,20 
Au,21 and CNTs22 in the layer-by-layer self-assembly of protein film. CaCO3 NPs are 
biocompatible, spherical, cheap, nonaggregated material and can offer a large surface 
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area for adsorption of substances of interest due to their porous structure. Sukhorukov et 
al.23 have used 30-50 nm porous CaCO3 as templates for the encapsulation of bioactive 
compounds. Hu et al.24 also constructed a core-shell nanocluster film with the layer-by-
layer method containing heme proteins, nano-CaCO3, and polyelectrolytes. 
These films can retain the native structure of protein and enhance the direct electron 
transfer between the protein and electrodes. For instance, Shi et al. have studied the 
electrochemistry and electrocatalytic properties of Hb in layer-by-layer films of SiO2 
with vapor-surface sol-gel deposition.25 Nf, which is a good proton-conducting polymer 
has been extensively used for electrode modification for their unique ion-exchange, 
discriminative, chemical resistance, and biocompatibility properties.26-27 Rusling et al. 
have applied the composite films of surfactants, Nf, and proteins on the edge plane 
pyrolytic graphite electrode and investigated the electrochemical behaviors of proteins.28 
Sun et al. have constructed a room temperature ionic liquid modified carbon paste 
electrode, and the direct electrochemistry of Hb was realized on it through the 
immobilization of Hb in a Nf/nano-CaCO3 film.29 
CNTs have gained considerable attention in recent years for this purpose because of their 
remarkable electronic and mechanical properties combined with high chemical 
stability.30-33 CNFs, which possess electronic and mechanical properties similar to CNTs, 
are cylindrical nanostructures with graphene layers arranged as stacked cones, cups, or 
plates. Stacked graphene layers lie perpendicular to the nanofiber axis. The entire surface 
of a CNF can be activated. Due to different stacking manners of carbon orbitals on the 
surface, CNFs have a much larger functionalized surface area compared to the glassy like 
surface of CNTs. Moreover, The surface-active group-to-volume ratio of CNFs is much 
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larger than that of the CNTs. Recently, Chaniotakis’s group explored the direct 
immobilization of glucose oxidase onto the surface of CNFs, and established that CNF 
were the best matrix so far described for the development of biosensors, far superior to 
CNTs or graphite powder.34 Lu et al. have used CNF based composites as an 
immobilization matrix for the construction of a reagentless mediator-free Hb-based H2O2 
biosensor. The results revealed that Hb retained its essential secondary structure in the 
CNF-based composite film.35  
CNCs are a very interesting new class of graphite nanofibers developed by Baker et al., 
which are suitable for use as a new type of highly conductive catalyst support media.36 
Graphite nanofibers are heat treated in the presence of an inert gas at temperatures from 
about 2300oC to about 3000oC to convert them to CNCs and thereby enhance their 
performance as support media for catalysts. This high temperature heat treatment gives 
the CNCs their unexpectedly improved catalytic properties when compared to similar 
graphite nanofibers that were not subjected to high temperature heat treatment. As a 
function of the temperature, there is a concomitant increase in the average pore size of 
CNCs.36 In this regard, they function as a new type of highly conductive catalyst support 
media. These characteristics, combined with the fact that the number and type of 
functional groups on the outer surface of the CNCs can be well controlled, are expected 
to allow for the selective immobilization and stabilization of functional biomolecules. 
Also, the conductivity of CNCs seems to be ideal for electrochemical transduction. 
However, utilization of CNCs as supports for biological catalysts has not been reported 
so far. Such limited attention is not proportional to the remarkable properties and 
potential merits of CNCs.  
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In this study a GCE was modified with CNCs and, a film of Hb was cast on the modified 
electrode surface. Nf was employed to fix the CNCs and Hb tightly on the surface of the 
GCE. The modified electrode was characterized by SEM and UV-VIS and FT-IR 
spectroscopy were used to identify the morphological and structural variations of Hb 
immobilized in the CNC film. Electrochemical properties of the modified electrode were 
studied and the advantage of CNCs as supports for Hb immobilization is discussed. The 
modified electrode was then investigated for its electrocatalytic behaviour towards the 
reduction of H2O2, TCA and NaNO2.  
9.2. Experimental  
9.2.1. Chemicals 
 CNCs (Grade HT300, 99.999% carbon) were obtained from Catalytic Materials 
(Pittsboro, NC, USA). Hb from bovine blood (MW 64500) was purchased from Sigma 
Aldrich (St. Louis, MO, USA). B-R buffer (0.1M) of various pH values were used as the 
supporting electrolytes. Phosphoric acid or NaOH were used to adjust the pH.  
9.2.2. Procedure 
Prior to use a GCE was prepared as mentioned in the experimental chapter. CNCs (2 mg) 
were added to 1 mL of dimethyl formamide and the resulting suspension was sonicated 
for 30 min in a sonicator rated at a frequency of 50-60 Hz (Soniclean, Thebarton, SA, 
Australia). The above suspension (2 µL) was dropped on the GCE; the droplet on the 
electrode was carefully manipulated to just cover the entire electrode surface, and was 
dried for 5 min in an oven at 60 °C, which resulted in a uniform film. The resultant 
electrode is termed herein as GC/CNC. Hb (0.5 mg/mL) stock solution was prepared in of 
pH 7.4 phosphate buffer (0.1 M). The Hb modified electrode was prepared with the 
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following procedure: A 3 µL volume of Hb solution was evenly pipetted onto the surface 
of the GC/CNC electrode and spread evenly over the entire surface. The electrode was 
left in the air to dry under ambient conditions overnight, and a small bottle was fitted 
tightly over the electrode so that the water evaporated gradually. The resultant electrode 
is termed as GC/CNC/Hb. Before using, 2 µL volume of the 0.5% Nf in methanol was 
spread onto the GC/CNC/Hb surface as a binder to hold the film on the electrode surface 
stably. This modified electrode is termed as GC/CNC/Hb/Nf. The electrode was stored at 
4 oC in a phosphate buffer (0.1 M, pH 7.4). Different types of modified electrodes such as 
GC/Nf, GC/CNC/Nf, and GC/Hb/Nf were also fabricated with a similar procedure. 
9.2.3. Instrumentation 
The working electrodes were bare GC/Nf, GC/CNC/Nf, GC/Hb/Nf, and GC/CNC/Hb/Nf 
(each 3 mm in diameter). CV scans were conducted at a scan rate of 100 mV/s between 
100 mV to -700 mV.   
9.3. Results and Discussion 
9.3.1. General Characterization 
 Figure 9-1A shows a TEM image of CNCs and it is obvious that straight, branched, 
twisted, spiral, helical, and coiled structures may be observed. Figure 9-1B shows a high 
(10×) magnification TEM image of CNCs. SEM was used to characterize and compare 
the morphologies of the different types of modified electrodes with the results shown in 
Figure 9-1(C-E). Figure 9-1C represents the SEM image of GC/CNC and it is seen that 
the diameter of CNC is not uniform (average of 100 nm) similar to that reported 
previously,37 which is expected to make the material a good biosensing material due to its 
high active surface area and good electrical conductivity. In Figure 9-1D which shows the 
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SEM image of GC/Hb, the aggregation of the immobilized Hb molecules is observed to 
be distributed regularly, resulting in a film like structure.29 Figure 9-1E depicts the image 
of GC/CNC/Hb/Nf. The CNCs are discernible, and all the constituents of the modified 
electrode agglomerated to form flower-like structures. Due to the high surface area and 
increase in the average pore size, CNCs can dramatically enhance the active surface area 
of the GCE available for protein binding compared to CNFs. In addition, CNCs were 
embedded in the Nf to form a stable composite film, which was essential for the stability 
of the prepared enzyme electrode. The high electronic conductivity of the composites, 
coupled with their ease of processing, make them extremely attractive as sensing 
materials. Thus, the combination of CNCs and Nf would be preferable, which can bring 
new opportunities for designing a novel sensing system and enhancing distinctively the 































Figure 9-1.  (A) TEM image of CNCs, (B) a high (10×) magnification TEM image of 
CNCs  and SEM images of (C) GC/CNC,  (D) GC/Hb and  (E) GC/CNC/Hb/Nf. 
 
9.3.2. FT-IR Spectroscopy 
The structural features of Hb were investigated after it was immobilized on the surface of 
the electrode. Spectroscopic methods such as UV-VIS and FT-IR spectroscopy were used 
to compare the structural variations of native and immobilized Hb. FT-IR spectroscopy is 
usually used to provide detailed information on the secondary structure of polypeptide 
chains and to detect conformational changes of proteins.37 The shape and position of 
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information on the secondary structure of the polypeptide chain.38-39 The amide I band at 
1700-1600 cm-1 is caused by C=O stretching vibrations of the peptide linkage. The amide 
II band at 1600-1500 cm-1 results from a combination of N-H in-plane bending and C-N 
stretching of the peptide groups. As shown in Figure 9-2, the spectra of the amide I and II 
bands of Hb in the CNC/Hb/Nf film (1662.92 and 1543.05 cm-1) were nearly the same as 
those of Hb film (1658.92 and 1546.90 cm-1). If Hb is denatured, the intensities of the 
amide I and II bands will significantly diminish or even disappear.281 Similarities of the 
spectra in parts A and B of Figure 9-2 suggested that Hb retained the essential features of 












Figure 9-2.   FT-IR spectra of the films of (A) CNC/Hb/Nf and (B) Hb. 
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The positions of the Soret absorption band of heme may also provide information about 
possible denaturation of heme protein and particularly on conformational change in the 
heme group region.40 Therefore, UV-VIS spectroscopy is a useful tool for conformational 
studies of heme proteins. Figure 9-3 shows the UV-VIS absorbance spectra of Hb in 
different pH buffer solutions. The Soret band of Hb in water solution (curve not shown) 
appeared at 408 nm. The spectra of the mixture of Hb with CNC and Nf at different pHs 
of the external buffer solution were also taken. At pH values of 5.5, 7.5 and 9.5, the Soret 
band appeared at almost the same position as the native Hb solution (curves c-f), 
indicating that, in the medium pH range, Hb essentially retained its native conformation 
in CNC and Nf solutions. When the pH shifted toward a more acidic or more basic 
direction, the Soret band became smaller and broader. At acidic pHs like 3.5 and 1.5 and 
at basic pH 11.5 for instance, the Soret band was located between 360-398 nm (curve b), 
which suggested that denaturation of Hb existed to a considerable extent. All of the UV-
VIS and FT-IR spectra suggested that the Hb in CNC/Hb/Nf films retained their near 























Figure 9-3.   UV-VIS absorption spectra of CNC/Hb/Nf in pH (a) 1.5, (b) 3.5, (c) 5.5, (d) 
7.5, (e) 9.5 and (f) 11.5 buffer solutions. 
 
9.3.4. EIS 
In order to validate the interaction between Hb and the CNCs, EIS was carried out. EIS is 
a powerful tool for studying the interface properties of the modified electrode and can 
provide information on the impedance changes of the interface of the electrode 
surface/electrolyte solution. 
For the sake of simplicity, the Randles circuit (inset in Figure 9-4) is chosen to fit the 
impedance data obtained. The equivalent electrical network of the electrochemical 
interface can be represented by the electrolyte resistance between the working electrode 
and the reference electrode, RΩ in series with a double-layer capacitance, Cd in parallel 
with the charge-transfer resistance, Rct and the mass transport resistance, Rw. For the 
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semicircular part at high frequencies corresponds to the electron transfer limited process 
and the linear part at low frequencies corresponds to the diffusion process. Rct is related to 
the electron transfer kinetics of Fe(CN) 63-/4- redox couple at the electrode interface and 
can be estimated from the diameter of the semicircular part at higher frequency of the EIS 
curve, and Rw, can be estimated from the linear part lower frequency of the EIS curve.41-
42 The EIS of electrodes modified with different films displayed a linear part and a 
semicircular part with different diameters (Figure 9-4). The diameter of the semicircular 
part becomes larger in turn for the GC/Nf, GC/CNC/Hb/Nf and GC/Hb/Nf electrodes, 
respectively, which indicates that the charge transfer resistance of GC/CNC/Hb/Nf 
electrode is in between that of GC/Nf and GC/Hb/Nf. The results of EIS may reflect the 
interaction between Hb and CNC. Hb in pH 7.5 phosphate buffer solution has 
considerable negative charges (isoelectric point at 7.0-7.4), which will repel Fe(CN)6 3- 
and Fe(CN)6 4-. However, the presence of CNC in the film play an important role in 
enhancing the transfer of electrons and making it easier for the electron transfer to take 
place, thus decreasing the resistance of the Hb/Nf film to Fe(CN)6 3- and Fe(CN)6 4-. The 
above can be proved with the EIS diagram of GC/CNC/Nf (Figure 9-4b), which exhibited 























Figure 9-4. Nyquist plots of (a) GC/Nf, (b) GC/CNC/Nf, (c) GC/Hb/Nf and (d) 
GC/CNC/Hb/Nf in 0.1 M KCl solution containing 5.0 mM Fe(CN)6 3-/Fe(CN)6 4- in the 
frequency range of 105 to 10-2 Hz with a perturbation signal of 10 mV. The electrode 
potential was biased at 0.203 V vs Ag/ AgCl (saturated KCl). Inset: Randles circuit. 
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Figure 9-5 shows the schematic of the immobilization of the Hb on CNCs. The non-
covalent sidewall of CNC can exhibit weak interactions like hydrogen bonding, π-π 
stacking, electrostatic forces, van der Waals forces and hydrophobic interactions to 
functional molecules. We believe that Hb could be immobilized on CNC either by the aid 
of the functional groups on CNC, adsorption or by hydrophobic interactions. Hb showed 
an excellent direct electron transfer behavior on the GC/CNC and the direct 
electrochemistry of Hb on the modified electrode was studied by CV. Figure 9-6 shows 
the CVs of different kinds of modified electrodes in pH 7.0 B-R buffer solution (0.1 M). 
A pair of well defined, quasi-reversible CV peaks (curve a) was found for 
GC/CNC/Hb/Nf with anodic peak potential (Ep,a) = -217 mV and cathodic peak potential 
(Ep,c) = -277 mV at a scan rate of 100 mV/s. The formal potential (E°’), which was 
calculated from the midpoint of the reduction and oxidation peak potentials, was -253 
mV (vs Ag/AgCl (saturated KCl)), and the peak-to-peak potential difference (ΔEp) was 
60 mV, indicating that Hb immobilized on the surface of the GC/CNC electrode 
displayed a one-electron fast electrochemical reaction.43 The peaks were located at the 
potential characteristics of the heme Fe(III)/Fe(II) redox couples of proteins. However, 
no voltammetric peaks were observed at the GC/CNC/Nf (curve b), GC/Nf (curve d) 
electrodes in the same potential range. GC/Hb/Nf (curve c) shows the CV of Hb only 
immobilized on a bare GCE surface using Nf. A small pair of redox peaks appeared, 
which suggested that the Hb could also have direct electron transfer on the GCE but 
made little contribution to the observed redox peaks in curve a, so the presence of CNC 
can greatly enhance the electron transfer process of Hb. For the GC/CNC/Hb/Nf 
electrode, the peak current reached steady state after several CV cycles in buffers. Thus, 
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all of the CV experiments with the GC/CNC/Hb/Nf electrode were conducted at their 












Figure 9-6. CVs at 100 mV/s in pH 7 B-R buffer (0.1M) for (a) GC/CNC/Hb/Nf, (b) 
GC/CNC/Nf, (c) GC/Hb/Nf and (d) GC/Nf electrodes. (See also refs. 282 and 296) 
 
Figure 9-7A shows the CVs of the GC/CNC/Hb/Nf electrode in pH 7.0 B-R buffer 
solution with different scan rates. The results indicated that all of the electroactive Hb 
Fe(III) in the film was reduced to Hb Fe(II) on the forward scan and then reoxidized to 
Hb Fe(III) on the reverse scan. The reduction (ip,c) and the oxidation (ip,a) peak currents 
exhibited a linear relationship with the scan rate (ν), meanwhile the cathodic and anodic 
peak potentials showed a small shift and the peak to peak separation also increased in the 
range from 50 to 500 mV/s, and the charge consumed in coulombs, Q, obtained from 
integrating the anodic or cathodic peak area in the CVs under the background correction 
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linear and the ratio of the slopes (Sip,c/Sip,a) was about one (Figure 9-7B). These results 
indicate the characteristic of quasi-reversible surface controlled thin-layer 



















Figure 9-7. (A) CVs of GC/CNC/Hb/Nf electrode in pH 7.0 B-R buffer (0.1M) at scan 
rates of (a) 50, (b) 100, (c) 200, (d) 300, (e) 400 and (f) 500 mV/s. (B) Plot of peak 
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The average surface concentration of electroactive Hb (Γ*, mol cm-2) can be estimated 
from the charge integration of the reduction peak of the CV as mentioned in the 
experimental chapter. According to this method, the surface concentration of 
electroactive Hb in the film (Γ*) was calculated as 1.5×10-10 mol cm-2 by integration of 
the reduction peak at 100 mV/s in pH 7.0 B-R buffer solution. On the basis of the 
absolute concentration of Hb on the geometric area of the electrode, the surface 
concentration of Hb on the electrode was estimated to be 1.85×10-10 mol cm-2. Thus, the 
fraction of electroactive Hb was estimated 81%, which indicated that most of the Hb 
molecules retained their bioactivity in the film. This is about 5 times higher than that of 
the reported value of Hb entrapped in Nf-CNF composite film (Table 9-1).35 The value 
obtained in our experiment is about 21 times higher than that of the theoretical monolayer 
coverage (7×10−12 mol cm-2). This means that multilayers of Hb entrapped in the 3-D 
CNC/Hb/Nf composite film participated in the electron-transfer process. This may 
possibly due to the fact that CNCs are highly conductive catalyst support media, which 
allow effective immobilization and stabilization of Hb molecules. CNCs provide ideal 
platforms for the favorable orientation of Hb molecules to retain their bioactivity as well 
as for their efficient electron transfer. More specially, due to its high surface area and an 
increase in the average pore size, CNCs can dramatically enhance the active surface area 
of the GCE available for protein binding compared to CNFs; meanwhile, CNCs may act 
as nanoscaled electrical wires, just like CNTs and CNFs, to facilitate the direct electron 
transfer between the redox proteins and the underlying electrode. Moreover, the 
combination of CNCs with Nf helps the protein to be readily entrapped within the 
composites without the need of a complicated and time-consuming attachment process. 
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The amount of entrapped proteins can be controlled to a large extent because of the good 
film-forming ability and the 3-D porous network structure of the composite film. And Nf 
is a good proton-conducting polymer, the good conductivity of the CNC/Hb/Nf 
composite film contributes to the efficient electron transfer. The favorable orientation of 
Hb molecules in the composite film may be another important reason for efficient 
electron transfer. The porous structure of the composite film may also provide 
convenience for the exchange of substances (such as H+) and electrons. Additionally, the 
organic–inorganic hybrid may provide better biocompatibility and stability along with 
higher bioactivity for the immobilization of proteins. 
Laviron’s method45 was used to estimate the apparent heterogeneous electron transfer rate 
constant (ks). ks at GC/CNC/Hb/Nf electrode was estimated to be about 2.54 s−1, 
comparable to that of Hb immobilized in CNFs of 2.4 s-1,35 5 times that of Hb 
immobilized in Nf/ nano-CaCO3 film on a room temperature ionic liquid modified carbon 
paste electrode29 of 0.75 s-1 (Table 9-1), suggesting a fast electron transfer process. 
The pH of the buffer solution affected the electrochemical behavior of Hb in the 
GC/CNC/Hb/Nf electrode. As shown in Figure 9-8A, the CVs with stable and well-
defined peaks were observed from pH 3.5 to 11.5; however, the voltammograms shifted 
toward the negative direction with the increase of pH. Quantitative analysis showed that 
the formal potential (E0’) depended linearly (Figure 9-8B) on the buffer pH, with a slope 
of  -56.9 mV/pH  (the correlation coefficient is 0.9969), which is close to the expected 
value of -58.0 mV/pH for the one-proton-transfer coupled one-electron-transfer reaction, 
written as10, 46 
 
HbFe(III) + H++ e-    HbFe(II) 
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The changes in CV peak potentials were reversible for the GC/CNC/Hb/Nf electrode. For 
example, the CV of the GC/CNC/Hb/Nf electrode at pH 4.5 was reproduced after 













Figure 9-8. (A) CVs of GC/CNC/Hb/Nf electrode in 0.1 M B-R buffer with pH values of 
(a) 3.5, (b) 5.5, (c) 7.5, (d) 9.5 and (e) 11.5; scan rate 100 mV/s. (B) Plots of Ep,a, Ep,c, and  
E0’ vs pH. 
 
9.3.6. Electrocatalytic Reactivity 
The electrocatalytic activity of the GC/CNC/Hb/Nf electrode toward various substrates of 
biological or environmental significance, such as H2O2, TCA, and NO2-, was examined 
and characterized by CV. Electrochemical catalytic reduction of H2O2 by the 
GC/CNC/Hb/Nf electrode was investigated by CV. After a certain volume of H2O2 was 
added to the pH 7.0 B-R buffer solution, a new and significant reduction peak appeared at 
about -109 mV (Figure 9-9) in contrast to that reported previously.35, 46-52 The new peak 
is due to the reduction of H2O2 and was confirmed by adding H2O2 at different 





























-700 -500 -300 -100 100










Chapter 9. Direct Electrochemistry and Electrocatalysis of Hb on CNCs  
 198
of the GC/CNC/Hb/Nf electrode increased, accompanied by a decrease of the Hb Fe(II) 
oxidation peak. The more H2O2 that was added, the greater the decrease in the oxidation 
peak, and the greater the increase in the reduction peak. The anodic peak wave decreased 
and disappeared after the addition of a limiting concentration of H2O2 into the buffer 
solution. Such saturation behaviour is the characteristic of an enzymatic catalysis. A 
possible mechanism of reaction of H2O2 catalyzed by the GC/CNC/Hb/Nf electrode is 
postulated as follows:  
 
    2[Hb Fe(II)] +  H2O2 + 2H+ + 2e- 
 
Hb Fe(II) generated on the electrode was chemically oxidized by H2O2 and the produced 
Hb Fe(III) was reduced again at the electrode in a catalytic cycle. When increasing the 
H2O2 concetration, more and more Hb Fe(II) was chemically oxidized, resulting in an 










2[Hb Fe(III)] + 2H2O at electrode 
[Hb Fe(III)]  + 2e- [Hb Fe(II)]  at electrode 
 














Figure 9-9. CVs at GC/CNC/Hb/Nf electrode (a) in the absence of H2O2  and in the 
presence of  (b) 6, (c) 12, (d) 18 and (e) 24 µM H2O2 in pH 7 B-R buffer; scan rate: 100 
mV/s. 
 
Figure 9-10A shows typical amperometric responses of the GC/CNC/Hb/Nf electrode 
with the successive additions of 2 µM H2O2 at -300 mV. When H2O2 was added to the 
stirring B-R buffer (pH 7), the biosensor responded rapidly to the substrate. The 
reduction currents increased stepwise at the GC/CNC/Hb/Nf electrode. However, no 
corresponding electrochemical signal could be observed in the same potential window 
employing either a bare GC/Nf or a GC/CNC/Nf electrode in the same H2O2 solution. 
Therefore, the catalytic process came from the specific enzymatic catalytic reaction 
between Hb and H2O2. The response of H2O2 at the GC/CNC/Hb/Nf electrode are 
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with a detection limit of 0.05 µM (S/N = 3), much lower than that of Hb immobilized in 
untreated CNFs.35 Similar to Hb entrapped in Nf-CNF composite film,35 the response 
time for achieving 95% of the steady-state current of the biosensor was less than 5 s. 
Such a rapid response can be attributed to the fast diffusion of the substrate in the pores 
of CNC-composite film. The CNCs provided a larger surface area available for protein 
binding and increased the accessibility of the immobilized enzyme for the substrate to 
efficiently form the enzyme-substrate complex. This, meanwhile, amplified the 
electrochemical signal transduction by enhancing the electrical conductivity, which 
conceivably might improve the performance of the CNC based biosensors. When the 
concentration of H2O2 was higher than 80 µM, the response showed a level-off tendency, 
indicating a saturation of the enzyme substrate reaction. The apparent Michaelis-Menten 
constant (Kmapp), an indicator of enzyme-substrate kinetics, can be calculated using to the 
Lineweaver-Burk equation,47 
1/Iss = (1/Imax) + (Kmapp/ I max C) 
where Iss is the steady-state current after the addition of the substrate, C is the bulk 
concentration of the substrate, and Imax is the maximum current measured under 
saturation conditions. The value of Kmapp was determined according to the slope and the 
intercept of the plot of 1/Iss vs. 1/C. The smaller Kmapp value means that the present 
electrode exhibits a higher affinity to H2O2. The Kmapp value for the GC/CNC/Hb/Nf 
electrode -based H2O2 sensor was calculated as 21.55 µM, which is more than two times 
lower than that of hemoglobin entrapped in Nf-CNF composite film,35 indicating the 
higher catalytic activity of the GC/CNC/Hb/Nf electrode toward the reduction of H2O2 
(the smaller Kmapp shows the higher catalytic ability). The results revealed that the CNC-
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based composites could efficiently retain the bioactivity of entrapped Hb. Meanwhile, 
this also dramatically facilitated direct electron transfer of Hb and good 
bioelectrocatalytic activity towards H2O2 (Table 9-1). Due to the high surface area and an 
increase in the average pore size, CNCs can dramatically enhance the active surface area 
of the GCE available for protein binding compared to CNFs. Thus CNC-based biosensor 
displayed good performances together with good stability compared to that reported 

















































Figure 9-10. (A) Amperometric responses of GC/CNC/Hb/Nf electrode at an operating 
potential of -300 mV upon successive additions of 2 µM H2O2 in pH 7 B-R buffer. (B) 
Plot of catalytic current of GC/CNC/Hb/Nf electrode vs H2O2 concentration. 
 
The electrochemical catalytic reduction of TCA by the modified electrode was also 
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reduction peak appeared at about -570 mV (Figure 9-11A). The Hb Fe(III) reduction peak 
of the GC/CNC/Hb/Nf electrode was observed at about -290 mV (Figure 9-11A) and 
accompanied by a decrease of the Hb Fe(II) oxidation peak. Similar to the behavior of the 
GC/CNC/Hb/Nf electrode towards H2O2, the more TCA that was added; the greater the 
decrease in the oxidation peak current. The results indicated that the Hb Fe(II) generated 
on the electrode was chemically oxidized by TCA and the produced Hb Fe(III) was 
reduced again at the electrode in a catalytic cycle. Catalytic reduction of TCA by Hb can 




The Hb Fe(III) reduction peak current was linearly proportional to the concentration of 
TCA. Figure 9-11B shows the linear dependence of the reduction peak currents on the 
TCA concentration. The linear regression equation was Iss (µA) = 0.6523 CTCA (mM) + 
0.5479 (µA) in the range from 0.5 mM to 3 mM with a correlation coefficient of 0.9998 
(n = 5) with a detection limit of 0.06 mM when the signal to noise ratio was 3. However, 
no corresponding electrochemical signal could be observed in the same potential window 
employing either a bare GC/Nf or a GC/CNC/Nf electrode in the same TCA solution. 
Therefore, the catalytic process was as a result of the specific enzymatic catalytic reaction 
between Hb and TCA. When the concentration of TCA was higher than 4 mM, the 
response showed a level-off tendency, indicating a saturation of the enzyme substrate 
reaction. The Kmapp value for the GC/CNC/Hb/Nf electrode-based TCA sensor was 
  2 [Hb Fe(II)] +  Cl3CCOOH + 2H+ + 2e-  2 [Hb Fe(III)] + Cl2CHCOOH + Cl-   
 at electrode 
Hb Fe(III) + e- Hb Fe(II)  at electrode 
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calculated as 0.84 mM, lower than that of previously reported,54, 29 again indicating the 





















Figure 9-11. (A) CVs at GC/CNC/Hb/Nf electrode (a) in the absence of TCA  and in the 
presence of (b) 0.1, (c) 0.3, (d) 0.5, (e) 0.7, (f) 1 and (g) 1.5 mM TCA in pH 5.5 B-R 
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Table 9-1. Comparison of various characteristics of GC/CNC/Hb/Nf electrode 
Electrode ks (s−1) Fraction of 
electroactive Hb 
(%) 







































Catalytic reduction of nitrite was also studied at the GC/CNC/Hb/Nf electrode, and the 
results are shown in Figure 9-12. A new reduction peak located at -633 mV is observed at 
the GC/CNC/Hb/Nf electrode upon the addition of NO2- to a pH 5.5 buffer (Figure 9-
12A). The further addition of NO2- causes an increase of the peak current. Meanwhile, 
the reduction and oxidation peak currents of the heme Fe(III)/Fe(II) redox couple for Hb 
decreased slightly upon increasing the NO2- concentration. In control experiments, no 
reduction peak appeared at bare GC/Nf or a GC/CNC/Nf electrode in the same NO2- 
solution. The reduction product at -633 mV is most likely N2O, which was detected 
previously by mass spectroscopy with Mb-DDAB films upon electrolysis at -895 mV in 
pH 7.0 buffers.55 In addition, the new reduction peak is related to the [HbFe(II)-NO]+ 
nitrosyl adduct.56 The mechanism of the electrocatalytic reduction of nitrite at Hb/CTAB/ 















The reduction current has a linear relationship with the concentration of NO2- as shown in 
the Figure 9-12B, which shows the linear dependence of the reduction peak currents on 
the TCA concentration. The linear regression equation was I (µA) = 0.034 CNO2- (µM) + 
0.234 (µA) in the range from 10 µM to 300 µM with a correlation coefficient of 0.9996 
















    2HNO  N2O + H2O 
 [Hb Fe(II) - NO]-       [Hb Fe(II) - NO]. +  e- 
Hb Fe(III) + e- Hb Fe(II)  at electrode 
   [Hb Fe(II) - NO]+ +  H2O    Hb Fe(II) +  HNO2 +  H+ 
   [Hb Fe(II) - NO]+  +  e-     [Hb Fe(II) - NO].  
     [Hb Fe(II) - NO]- + H+  [Hb Fe(II) + HNO  
 






























Figure 9-12. (A) CVs at GC/CNC/Hb/Nf electrode (a) in the absence of NO2-  and  in the 
presence of (b) 10, (c) 30, (d) 50, (e) 70 and (f) 100 µM NO2- in pH 5.5 B-R buffer. (B) 
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9.3.7. Stability and Reproducibility of the GC/CNC/Hb/Nf Electrode 
The GC/CNC/Hb/Nf electrode was stored at 4 °C in 0.1 M pH 7.4 phosphate buffer, and 
the stability was investigated by measuring the CV periodically. The results indicated that 
the peak potentials and currents of GC/CNC/Hb/Nf electrode were stable for 4 weeks and 
then decreased gradually. The electrocatalytic activity of GC/CNC/Hb/Nf electrode, 
stored at 4 °C in 0.1 M pH 7.4 phosphate buffer, was tested in the 10 µM H2O2 solution 
eight times each day for a continuous five days; the relative standard deviation (RSD) of 
the current response was 3.5%. After two weeks, the sensor retained 80% of the initial 
current response to the 10 µM H2O2. In addition, the modified electrode also showed 
good reproducibility. The five electrodes, fabricated independently, showed an acceptable 
reproducibility in the current response to the 10 µM H2O2 solution with a RSD of 3.8%. 
These results show that GC/CNC/Hb/Nf electrode is very efficient for retaining the 
electrocatalytic activity of the Hb and preventing it from leaking out of the electrode. 
9.4. Conclusions 
In this chapter, a new carbon nanomaterial, CNC was used as a support medium for the 
biological catalyst, Hb. A GC/CNC/Hb/Nf electrode was constructed using the film 
deposition method. The properties of Hb in the GC/CNC/Hb/Nf electrode were 
characterized spectroscopically and electrochemically, and it was found that the Hb 
retained a nearly native secondary structure in the CNC support medium. The apparent 
heterogeneous electron-transfer rate constant (ks) of Hb was found to be 2.54 s-1 based on 
Laviron’s equation. In addition, the Hb immobilized in the GC/CNC/Hb/Nf electrode 
displayed excellent electrocatalytic activity in the reduction of H2O2, TCA and NO2-. 
H2O2 had a linear current response from 0.5 µM to 30 µM (R2 = 0.9997; n = 5) with a 
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detection limit of 0.05 µM when the signal to noise ratio was 3 and the apparent 
Michaelis-Menten constant (Kmapp) was 21.55 µM. Similarly, TCA had a linear current 
response from 0.5 mM to 3 mM (R2 = 0.9998; n = 5) with a detection limit of 0.06 mM 
when the signal to noise ratio was 3 and the apparent Michaelis-Menten constant (Kmapp) 
was 0.84 mM. These values were much lower than that of the CNF-based biosensor. The 
results indicated that the peak potentials and currents of GC/CNC/Hb/Nf electrode were 
stable for 4 weeks and then decreased gradually. The direct immobilization of proteins 
onto the surface of the CNCs is shown to be a highly efficient method for the 
development of a new class of very sensitive, stable, and reproducible electrochemical 
biosensors. These results establish the fact that the CNCs are far superior to untreated 
carbon nanofibers for the development of biosensors. The system can also be used to 
achieve direct electron transfer of other heme proteins, such as myoglobin, cytochrome 
C, and even redox enzymes. It provides a new perspective towards the understanding the 
kinetics and thermodynamics of biological redox processes. 
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Conclusions and Future Prospects 
10.1. Conclusions 
The present thesis has been devoted to the investigation of nanomaterials as 
electroanalytical platforms in trace analysis. The emphasis has been placed upon three 
representative areas, namely, the integration of nanomaterials on solid supports, the 
preparation of hybrid nanomaterials, and the application of nanomaterials as 
electroanalytical platforms for the sensitive detection of various analytes. Specific 
examples have been shown for each of the above areas, and these are the self-assembly of 
NPs and the film deposition of nanomaterials on solid electrodes, the preparation of 
composite or functionalized nanomaterials, application of nanomaterials in the 
identification of electrode reaction products and in the simultaneous detection of various 
analytes in a single step, and the direct electron transfer between nanomaterials and redox 
active proteins, respectively. 
Through profound investigations as described in the previous chapters, the following 
conclusions may be drawn: 
10.1.1. On the integration of nanomaterials on solid supports 
Modified electrodes result from the deliberate alteration of electrode surfaces to meet the 
needs of many electroanalytical problems. Self-assembly of NPs is demonstrated to be a 
powerful method of modifying conventional electrodes. This provides a convenient 
method for surface modification as well as deposition of NPs. We have established a 
simple and versatile approach based on self-assembly and NP chemistry to construct a 
novel electrochemical interface based on the superhydrophilic ITO surface. This surface 
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provides an ideal platform for the self-assembly of silane molecules with amino 
functional tail groups, to which Au NPs can be attached. The superiority of the 
superhydrophilic ITO base electrode as compared to the untreated, hydrophobic ITO base 
electrode in terms of higher density and uniformity of the Au NPs array has also been 
established.  
A novel electrochemical platform for the self-assembly of aromatic dithiol molecules and 
Au NPs was established by a layer by layer assembly. The results demonstrated the 
formation of ordered sandwiched assemblies of Au NPs and reveal a means for the pre-
planned structuring of composite multilayer assemblies. The electrochemical 
characterization of the sandwiched colloid assembly revealed that the aromatic cross 
linker units are electrically contacted in the colloid lattice. This supports the conclusion 
that the Au NPs act as conductive layers for electron transport through the network.  
A simple and single step method for modifying electrode surfaces, film deposition is also 
used to immobilize nanomaterials, composite or functionalized nanomaterials on solid 
electrodes. Specific examples include the film deposition of SWCNTs, MB-
functionalized SWCNT, SWCNT-Au NP composite, CNCs on GCE. 
10.1.2. On the preparation of composite or functionalized nanomaterials 
MB-functionalized SWCNTs was prepared and its electrochemical studies were 
conducted. It was found that MB- functionalized SWCNT is an excellent electrocatalytic 
system for the simultaneous detection of AA, DA and UA 
A combination of SWCNTs and Au NPs were used to form a nanocomposite to modify a 
GCE. With the combination of excellent adsorptive properties of SWCNTs with an 
enhanced electroactive surface area, electrical conductivity of Au NPs together with the 
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interaction of the amino group of the analytes and Au NPs, the simultaneous 
electrochemical detection of several PAAs was established. Au NPs were in electrical 
contact, through the SWCNTs, with the GCE backing, enabling the composite structure 
to be used as an electrode.  
10.1.3. On the application of nanomaterials as electroanalytical platforms for the 
sensitive detection of various analytes 
Electroanalytical techniques offer tremendous promise for scaling down analytical 
systems, with features include high sensitivity, inherent miniaturization, low cost, low-
power requirements and high compatibility with advanced micromachining and 
microfabrication technologies. 
The experimental method involves a single step, and is environmentally friendly and 
rapid and the enrichment of analytes takes place between the nanomaterial and aqueous 
samples. This feature is important to obtain good recoveries and more accurate 
information about the samples. The wide range of applications of nanomaterials as 
electroanalytical platforms offer novel dimensions in the field of electroanalysis. 
The results of our effort in developing and optimizing electroanalytical methods indicate 
that nanomaterials are more favorable than conventional electrodes for the trace analysis 
of various analytes of interest. Various nanomaterials including Au NPs, SWCNTs, MB-
functionalized SWCNT, SWCNT-Au NP composite, CNCs have been used as 
electroanalytical platforms. 
Enhanced electrochemical responses and electrocatalytic activities for the oxidations 
guanine, NADH, AA and UA are confirmed in the presence of Au NPs self-assembled 
via silane molecules with amino functional tail groups on superhydrophilic ITO surface.  
 
Chapter 10. Conclusions and Future Prospects 
 
 216
Enhanced electrochemical responses and electrocatalytic activities for the oxidations 
NADH and AA are also confirmed in the presence of sandwiched aromatic dithiol 
molecules and Au NPs. However, as the number of layers, increased, the electrocatalytic 
oxidation took place at more positive potentials possibly due to the presence of more 
number of bulky aromatic dithiol molecules on the electrode surface, which increased 
resistance and thereby retarding the electrocatalysis. 
Simultaneous electrochemical detection of biogenic amines like epinephrine, and 
tyramine, and the pharmaceutical drug, paracetamol was established on the film of the 
SWCNTs on a GCE using Nf as binder The SWCNT modified electrode exhibited 
excellent selectivity with high reproducibility towards these analytes and resulted in their 
simultaneous and sensitive detection with detection limits in the µg/L range. It can be 
concluded from the results that such modified electrodes hold great promise for 
convenient and sensitive detection of these analytes in real samples. A novel method for 
the easy identification of electrode reaction products, provided that the species formed 
are stable and adhere to the electrode, is also developed using the SWCNT modified 
GCE. 
A fast system with apparently high catalytic efficiency leading to the simultaneous 
detection of AA, DA and UA with very low detection limits in the region of nanomolar 
concentrations was demonstrated using MB-functionalized SWCNTs. Significant 
advantages of these functionalized nanomaterials are their excellent stability and the ease 
of preparation. 
A single step and simple method for the simultaneous detection of various carcinogenic 
PAAs from various environmental samples is also developed using SWCNT-Au NP 
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composite. Electrochemical studies have shown that the two major contributing factors 
were the combination of excellent adsorptive properties of SWCNTs with an enhanced 
electroactive surface area, electrical conductivity of Au NPs together with the interaction 
of the amino group of the analytes and Au NPs. 
The modification of the electrode surface with CNCs has been demonstrated to be an 
efficient direct electron transfer between electrodes and redox active proteins. The 
adsorption of protein molecules onto the bare electrode surface would lead to their 
denaturation, which also decreases the direct electron-transfer rate. In addition to that, 
electrode passivation can happen due to the adsorption of the large 3-D structure of 
protein which makes the establishment of direct electron transfer between these 
macomolecules and conventional electrodes generally difficult. The electrocatalytic 
properties of the Hb-CNC film were demstrated using H2O2, TCA, nitrite etc. 
Results obtained from the present research clearly show that nanomaterials can be used as 
excellent elctroanalytical platforms for the trace analysis of various matrix samples 
including environmental samples and biological fluids. They provide alternative materials 
to conventional electrodes. 
In summary, our results show that nanomaterials can be used as sensitive 
electroanalytical platforms and the organization of nanomaterials onto controlled surface 
architectures is essential for the successful realization of the sensing protocols. The 
remarkable properties of nanomaterials in electroanalytical applications, is far more 
superior to conventional methods. 
10.2. Further work to be done 
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Some topics related to the present research work are worthy of further investigations. 
These are discussed below. 
With respect to the three-dimensional aromatic dithiol-Au NP sandwiched assembly, the 
electrochemical properties may be obtained from EIS studies for other applications like 
for the development of electronic nanodevices such as biosensors and photovoltaic cells 
for practical applications. 
With respect to the analysis of electrochemical reaction products using SWCNTS an on-
line coupling of electrochemistry and chromatography may be pursued. As for the 
detection of electrochemical reaction products, short-lived species could be detected if 
on-line electrochemistry/MS detection is introduced. This can be realized by using an 
electrochemical flow-through cell, which can withstand the high back pressures 
encountered during on-line electrochemistry/LC/MS. 
With respect to the simultaneous detection of various carcinogenic PAAs from various 
environmental samples using SWCNT-Au NP composite, the proposed system may be 
used in combination with separation techniques such as HPLC or CE. To achieve the 
simultaneous detection of many PAAs, they could be chromatographically or 
electrophoretically separated prior to electrochemical detection. The method can also be 
extended for on-line monitoring and determination of various PAAs using flow analysis. 
With respect to the simultaneous detection of analytes using ASV, the effect of applied 
potential during pre-concentration period for adsorption in some cases is important to 
explore. With respect to the direct electrochemistry and electrocatalysis of Hb on CNCs, 
they allow for both the direct electron transfer and increased stabilization of the 
enzymatic activity. The very high surface area of the CNCs, together with their large 
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number of active sites, provides the grounds for the adsorption of enzymes. CNCs are 
thus very promising substrates for the development of a series of highly stable and novel 
biosensors.  
10.3. Applications of nanomaterials in trace analysis: Future prospects 
A wide range of newly introduced nanomaterials is expected to expand the realm of 
nanomaterial-based biosensors. Such nanomaterials-based electrochemical devices are 
expected to have a major impact upon clinical diagnostics, environmental monitoring, 
security surveillance, or for ensuring our food safety. It is only a matter of time before 
such protocols are used for routine diagnostic applications. 
The green chemistry revolution provides new challenges and exciting opportunities for 
electroanalytical chemistry, and for developing greener analyses, in general. The 
examples described in this thesis illustrate the power and versatility of electroanalysis and 
the potential for minimizing hazardous substances and waste generation during 
electrochemical assays. The combination of modern electrochemical techniques with 
breakthroughs in microelectronics and miniaturization allows the introduction of 
powerful analytical devices for effective process or pollution control. Such real-time on-
site monitoring technologies successfully address the time constraints associated with 
classical laboratory analysis. Like personal computers, electrochemical devices have 
become more sophisticated and versatile while dramatically shrunk in size and weight. 
The new generation of electrochemical analyzers offers tremendous potential for 
obtaining the desired analytical information in a faster, simpler, and cheaper manner 
compared to traditional laboratory-based instruments. The consequence of these 
developments is that major considerations are now given to on-site and real-time 
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electrochemical measurements. Such measurements should have a major impact upon the 
monitoring of priority pollutants and industrial processes. The practical realization of 
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